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FOREWORD 


The  general  purpose  of  this  handbook  is  to  provide 
Army  design  engineers,  scientists,  and  analysts  with  a 
method  to  quantify  obscuration  factors  for  electro- 
optical  (EO)  and  millimeter  wave  (mmw)  systems.  The  \ 
specific  purposes  are  ( 1 )  to  provide  data  and  methodol¬ 
ogy  for  Army  design  engineers  to  assess  the  effects  of 
natural  obscurants  and  battlefield-induced  contami¬ 
nants  on  EO  and  mmw  systems,  (2)  to  provide  the  | 
analytical  community  with  information  to  calculate  i 
system  performance,  and  (3)  to  indicate  to  the  test  and  \ 
evaluation  community  the  effects  that  should  be  consul-  j 
ered  when  a  system  is  evaluated. 

Chapter  1  is  a  discussion  of  the  handbook  contents  j 
and  the  use  of  the  handbook.  Chapter  2  is  a  qualitative 
description  of  EO  and  mmw  sensors  and  of  the  natural  I 
obscurants  and  battlefield-contaminants  that  may  de-  J 


grade  sensor  performance.  Chapter  3  provides  quantita¬ 
tive  information  on  natural  obscurants,  while  Chapter 
■1  contains  quantitative  information  on  battlefield- 
induced  contaminants.  Chapter  5  describes  sensor  per¬ 
formance  measures,  discusses  sensor  perfortnunc^dcfeai 
mechanisms,  and  illustrates  sensor  performance^  alcu- 
lations  using  the  quantitative  data  developed  in  Chap¬ 
ters  3  and  4.  -AC 

This  handbook  was  developed  under  the  auspices  ol 
the  Army  Materiel  Command’s  Engineering  Design  / 
Handbook  Program,  under  the  direction  of  the  US  j 
Army  Management  Engineering  Training  Activity.  I 
The  handbook  was  written  by  DCS  Corporation  as  j 
subcontractor  to  Research  Triangle  Institute  under 
Contract  No.  DAAA08-80-C-0247. 
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EXECUTIVE  SUMMARY 


Electro-optical  (EO)  and  millimeter  wave  (mmw) 
sensors  are  critical  components  of  current  military 
systems.  The  applications  and  importance  of  these 
sensors  will  increase  in  the  years  ahead  as  emphasized 
in  the  Airland  Battle  Concept.  All  of  the  battlefield 
functions  must  increasingly  depend  on  the  incorpora¬ 
tion  of  EO  and  nunw  sensors  if  the  goals  set  forth  for 
the  modern  army  are  to  be  met. 

Command  and  Control.  Effective  decision  making 
demands  rapid  and  comprehensive  information  pro¬ 
cessing  and  dissemination. 

Close  Cornhat.  Fortes  will  Ik-  dependent  on  target 
acquisition  as  well  as  mobility  on  battlefields  ob¬ 
scured  by  dust  and  smoke. 

Fire  Support.  Both  ground  and  aerial  fire  support 
will  dejH'nd  on  sophisticated  taiget  acquisition  as 
well  as  tin  get-seeking  01  directed  projet  tiles. 

Air  Defense.  The  protection  of  land  fort  es  in  terms 
of  counter  air,  preemptive  air  defense,  and  point 
defense  has  relied  and  will  continue  to  i.-ly  heavily  on 
the  integration  of  EO  anti  nunw  systems. 

Connnunitalions.  Systems  must  be  capable  of 
opei.uing  in  electromagnetic  pulse  (EMI*)  and  elec¬ 
tronic  warfare  (E\V)  environments,  and  of  providing 
real-time  information.  Systems  such  as  filter  optics 
will  touimue  to  itu  reuse  field  ta|Ml>iiities. 

I  he  mourning  functional  areas— ttritdxti  support, 
intelligence  and  electtonit  w.afate.  tntnhui  service 
sup|H»it.  ami  aviation— also  inttnpmuir  the  use  of 
sensots  in  |Kiloiming  the  mission. 

With  the  liatilelield  sode|M-udcttt  on  EO  and  mmw 
sensots,  the  designeis  of  systems  m  all  u!  these  firm- 
uonal  aieas  must  fate  the  problem  t»l  sensor  jieifoi- 
inaut e  in  the  ptesetue  of  ohstutanis.  These  uhsrut- 
.nils  may  Ire  ttatmal  weather  (omlitrotis,  stair  as  log. 
ram.  ot  snow,  ot  liatdrlield-iudtiml  toiitairrrnaius, 
sut  l»  as  smokes,  tlrrsl,  and  fire  pt<«ftu  ts.  Sensots  ojm- 
almg  m  dilletem  sfietital  bumfs  mas  Ire  affected  dif¬ 


ferently  by  the  same  obscurant.  Systems  that  depend 
on  the  operation  of  sensors  in  two  spectral  bands  may 
be  effectively  “shut  dowm”  if  the  performance  of  one 
sensor  is  severely  degraded,  even  though  the  other  sys¬ 
tem  sensor  continues  to  operate.  As  electromagnetic 
energy  is  propagated  through  the  atmosphere,  it 
essentially  encounters  obstacles  in  the  form  of 

1.  Molecules  of  gases  of  natural  constituents  of 
the  air 

2.  Aerosols,  such  as  fog  or  haze 

S.  Rain  and  snow 

d.  Smokes  and  dust. 

Each  of  these  “obstacles"  diminishes  the  amount  of 
the  energy  that  reaches  its  destination.  Dejx-nding  on 
the  wavelength  of  the  energy,  the  effectiveness  of  the 
"obstacles"  can  lx1  insignificant  or  total. 

Ibis  handbook  records  the  effects  of  the  various 
obscurants  on  EO  and  nunw  sensors.  These  effec  ts  are 
given  in  different  levels  of  detail  tailored  for  the  in¬ 
terest  level  til  lire  reader.  There  are  tables  that  list  the 
effec  ts  simply  as  major  or  minor,  equations  that  allow 
exact  computation  of  effects,  and  text  material  that 
explains  the  defeat  mec  hanisms.  Included  are  sample 
scenarios  and  illustiative  pioblems.  These-  scenarios 
ate  realism  situations  in  which  a  sensor  sy  stem  might 
lx-  ex|rected  to  ti|>eiuir.  The  sequence  of  c  omputations 
is  at  ranged  in  easily  followed  steps  so  rhat  the  design 
engineei  can  ran  only  understand  the  example  but 
ran  transfer  lire  analysis  to  his  own  |«nrtirulai  »ys- 
tems.  Finally,  the  equations  ate  summarized  in  an 
apjx-ndix  for  easy  reference. 

The  c  orient  requirement  for  a  comprehensive  source 
of  tlatn  applicable  to  military  systems  is  met  by  this 
handbook,  but  updated  versions  will  need  to  be  pro¬ 
duced  as  developments  use  new  spretta!  bands  and  as 
rescan h  mi  obscurant  diet  is  t  .akes  more  information 
available. 


DOD-HDBK  *178(ER) 


CHAPTER  1 
INTRODUCTION 


This  chapter  describes  the  purpose  and  scope  of  the  handbook,  an  engineering  design  tool  for  calculat¬ 
ing  the  effects  of  natural  obscurants  and  battlefield-induced  contaminants  on  electro-optical  and  milli¬ 
meter  wave  systems.  It  includes  a  chapter-by-chapter  summary  of  the  handbook  and  a  brief  discussion  of 
the  use  of  the  handbook. 


1-1  PURPOSE 

Electro-optical  (EO)  and  millimeter  wave  (mmw) 
sensors  are  critical  components  of  many  new  military 
systems.  The  performance  of  these  sensors  is  deter¬ 
mined  not  only  by  the  sensor  design  but  also  by  the 
weather  and  bv  battlefield-induced  contaminants.  It  is 
important  to  optimize  the  initial  system  design,  to  be 
able  to  predict  the  performance*. 5  a  system  that  is  still  in 
design  or  development,  and  to  lx-  able  toevaluate  design 
changes  that  are  suggested  during  the  development. 

The  purposes  of  this  handbook  are 

1.  To  provide  data  and  methodology  lot  Anns 
design  engineers  to  assess  the  diet  ts  ol  natural  obscu¬ 
rants  and  battlefield-induml  contaminants  on  EO  and 
mmw  systems 

2.  In  provide  the  unalwiral  community  with 
information  to  i.th  olatr  system  |ietloim,nu« 

1  li>  imlii  ate  to  the  test  and  evaluation  <  onimu- 
nils  the e| let  is  that  should  tie i  mistdeied  w  hen  a  system 
is  evaluated. 

12  SCOPE 

I  Ills  handtiook  is  intended  to  lie  a  basil  design  tool 
lot  the  Ann.  etigincct  oi  tent  1st  I  he  handbook  is 
sit  u«  luted  to  piuvitle 

I  A  Imsii  timid  standing  ol  the  opmal  |>io|m  iih  s 
ol  n.itoiul  ohst  in, mis  anil  kiiib'lirbi-tmlitt  ol  i  out. mil¬ 
itants 

'J  A  desiupturti  o|  tv jie  and  magnitude  ol  the 
elicit  that  eat  It  obs»  matt!  m.iv  have  on  genet  u  M)  and 
minis  sv  stents 

1  I  he  data  ami  plot  edttles  to  enable  the  ciigtneet 
to  tabulate  the  elicits  id  these  ohs« uiaiiis  on  a  uset- 
s|Mitinsi  sSsiein  design  as  tlltisit.ileil  hv  vttttple  pioh 
leiils. 

I  he  handbook  is  w  ttlien  to  piovidc  inhumation  tit.it 
a  sdcniivi  ot  ritgniiei  tail  use  to  idinulv  |*oictm.tl 
problems  to  the  |  ter  lot  mailt  e  of  a  scttsoi  uildet  ohsi  uml 
<  oimIiiioiis  and  to  estimate  the  magnitude  ol  the  ef  let  Is 
ami  the  Itetpirtity  of  the  t auditions.  Detailed  distils- 
stotisottaiutosi  tetit  |4iy sits. aim  mains,  setmM  tlrsigii, 
and  venvii  prtfoiuumr  modeling  are  beyond  the  sc  opr 


of  this  handbook.  Extensive  references  are  provided  at 
the  end  of  each  chapter  lor  the  user  who  needs  more 
detailed  information. 

1-3  DESCRIPTION  AND  USE  OF  THE 
HANDBOOK 

in  addition  to  Chapter  I  this  handbook  contains  four 
chapters  treating  obscurants  an  '  obscurant  effects  on 
sensors,  as  well  as  a  glossary  that  is  a  summary  of 
terminology  used  to  describe  obscurant  effects  on  EO 
and  mmw  systems.  The  two  up|>cndices  contain  sum¬ 
maries  ol  the  key  atmospheric  ttausmiitaiice  calcula¬ 
tions.  This  patagiaph  is  an  overv  iew  til  the  i  ontenis  ol 
these  chapters  and  includes  a  brief  summary  of  the 
contents  ol  eath  thaptet  and  a  description  ol  the 
intended  use  ol  that  t  haptet. 

Chapter  !i.  "Qualitative  Iks*  upturn  of  Sciisois  and 
Ohst  matton  hat  lots",  is  a  tpialitative  tlest  upturn  ol 
EO  and  mmw  veitsots.  ami  the  nattn.tl  obst  mams  and 
iMitlclield-induicd  lotitaminants  whit  It  may  degtndc 
sins* >t  |M  ilmin.ut«*  It  pi  ovules  the  hast*  maietial  the 
1 1 s«- 1  uirils  m  tmnpieheud  an  analysis  *■)  aitttospheiit 
eflei  Ison  sens*  it  s ,  Hieilta|itei  tm  hides  a  tlesi  npiionot 
genet n  KOamluimw  sv  sit-ins  and  disnisscs  In  icflv  tin 
ihlleiemes  tti  at  live  and  passive  xensui  opetaium  hit 
imaging  and  nuntmagmg  ■sens* ns  Atmosphetn  ptup- 
elites  that  ledttie  sense «  petlmtuanie.  stub  .is  ahsotp- 
nun.  vail*  ting,  t  lunei.  ami  tmlntleiue.  aie  tlefiiu-il. 
Htiel  ili-M  npi  ions  of  natni.il  *  >!im  iiiamsanil  kill  lei  itld- 
ituliiinl  i  *  -tti. militants  ate  given  Meieuiobigii.il  mea 
sllietllelll'  llsesl  m  *  liaiai  lei  We  olive  01.00'  aitel  <»hsi  to  • 
am  ii.itis|>tui  aie  also  ihse iisvsl. 

(  Inputs  1  .mil  I  pt ovule  tpiaiiiiiaiive  iiiiuimatimi 
akito  the  ii.ittit.it  ami  luoltliebl  t»l»se  til  ants  ibw  idled 
in  ( .liaptei  (  lupin  "l*iu|H-i ih-s and  Eminem  y  *if 
( b  i  hi  tent  e  ol  .Vutii.d  Obs*  illation  Eat  lots",  pmviiles 
ipi.intii.invi  data  lonuble  ihecftgmcn  ioihni.it  in  i/e 
the  natural  aiinus|dieie  lot  sv  sit-in  jici  Ini  mam  ce  ah  illa¬ 
tions.  It  tiMiiains  infat  mat  ton  about  uaiitt.dlv  on  m- 
ttitg  obse  wants,  stub  as  atmosphetie  gases  and  vv.ttei 
vapoi,  ha/e.  log.  juts  tpnaiion.  and  blowing  dust.  I  bis 
ihapt'i  mi  lodes  (It  ipumilalive  data  jutnittiiug  the 
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calculation  of  atmospheric  transmittance  through  the 
naturally  obscured  atmosphere;  (2)  qualitative  descrip¬ 
tions  of  the  climatology  of  four  geographical  areas 
(temperate,  tropical,  desert,  and  arctic  ),  and  (3)  quantita¬ 
tive  descriptions  of  the  frequency  of  occurrence  of  natu¬ 
ral  obscurants  in  those  areas. 

Chapter  4,  “Physical  Propertiesof  Battlefield  Obscu¬ 
ration  Factors”,  includes  a  quantitative  description  of 
the  battlefield-induced  contaminants  discussed  in 
Chapter  2,  including  smoke,  munition  explosions, 
vehicular-induced  contaminants,  and  battlefield  fires. 
This  chapter  (1)  describes  the  battlefield-induced  con¬ 
taminants,  (2)  provides  mass  extinction  coefficients, 
and  (3)  gives  an  assessment  of  the  concentration  of  those 
contaminants  that  might  be  found  in  a  battlefield 
environment.  Three  examples  are  developed — for  artil¬ 
lery  fire,  obscuring  smoke,  and  tank-generated  vehicu¬ 
lar  dust— to  indicate  anticipated  levels  of  battlefield- 
induced  ton  lam  inants. 

Chapter  !>.  “Obsc  uration  Factors  and  System  Design", 
disc  usses  sensor  performance  measures  and  gives  illus¬ 
trative  examples  of  sensor  fx-t  formant e  calculations. 
This  chapter  (I)  introduces  system  performance  mea¬ 
sures  lor  the  classes  of  systems  described  in  Chapter  2 
and  shows  how  they  arc  used  to  del  •i  nline  performance, 
(2)  discusses  sensoi  defeat  mec  hanisms  in  the  obsc  ured 
natural  anti  battlefield  environments,  and  (3)  “walks" 
the  uset  through  sample  problems  illustrating  the 
diet  is  o(  obscurants  on  those  systems  by  using  the 
quantitative  data  developed  in  Chapters  3  and  4. 


Appendix  A  is  a  summary  guide  for  calculating 
atmospheric  transmittance;  it  includes  references  to  the 
required  data  and  equations  in  the  handbook.  Appen¬ 
dix  B  gives  equations  for  converting  between  different 
measures  of  atmospheric  water  vapor  content.  The 
glossary  contains  definitions  of  technical  terms  used  in 
this  handbook. 

The  handbook  is  designed  so  that  it  can  be  used  to 
obtain  either  qualitative  or  quantitative  information. 
The  engineer  who  needs  an  overview  of  factors  affecting 
sensor  performance  can  obtain  a  general  understanding 
of  obscurant  effects  from  Chapter  2  and  can  refer  to  the 
defeat  mechanism  tables  in  Chapter  5  to  see  whether  an 
effect  is  potentially  major  or  minor.  Qualitative  descrip¬ 
tions  of  natural  and  battlefield-induced  contaminants 
are  given  in  pars.  2-4  and  2-5,  respectively.  Quantitative 
estimates  of  natural  obscuration  can  be  developed  from 
the  data  in  Chapter  3.  Quantitative  estimates  of  battle- 
field-induced  contaminants  can  be  developed  using  the 
data  in  Chapter  4.  Individuals  who  have  a  general 
understanding  of  the  subject  may  go  directly  to  those 
chapters  for  quantitative  information.  The  scientist  or 
engineer  who  needs  to  pet  form  systems  effects  calcula¬ 
tions  may  refer  to  the  descriptions  of  performance  mea¬ 
sures  in  par.  5-2  and  to  the  sample  problems  in  par.  5-4. 
The  sample  problems  are  step-by-step  illustrations  of 
how  to  use  the  data  developed  from  Chapter  3  and 
Chapter  I  locale dilate  the  ixaformance  of  a  sensor  in  an 
obscured  atmosphere. 
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CHAPTER  2 

QUALITATIVE  DESCRIPTION  OF  SENSORS 
AND  OBSCURATION  FACTORS 


This  chapter  contains  a  qualitative  description  of  electro-optical  (EO)  and  millimeter  wave  (mmw) 
sensors,  and  the  natural  obscurants  and  battlefield-induced  contaminants  which  may  degrade  sensor 
performance.  It  provides  the  background  needed  to  perform  an  analysis  of  atmospheric  effects  on  sensors. 
Par.  2-2  describes  generic  EO  and  mmw  systems  with  a  brief  discussion  of  the  differences  between  active 
and  passive  sensor  operation  for  both  imaging  and  nonimaging  sensors.  Par.  2-3  defines  atmospheric 
properties  that  reduce  sensor  performance — i.e.,  absorption  and  scattering,  clutter  introduction,  and 
turbulence.  Pars.  2-4  and  2-5  include  brief  descriptions  of  natural  obscurants  and  battlefield-induced 
contaminants,  definitions  of  the  terminology  used  to  describe  them,  and  a  discussion  of  the  meteorological 
measurements  used  to  characterize  obscurants  and  obscurant  transport.  Quantitative  descriptions  of  these 
natural  obscurants  and  battlefield-induced  contaminants  are  contained  in  Chapters  3  and  4. 


2-0  LIST  OF  SYMBOLS 

C(r)  =  concentration  at  point  r,  g/m3 
CL  ~  concentration  path  length  product,  g/m2 
C0  =  inherent  contrast,  dimensionless 
C'o  =  apparent  contrast,  dimensionless 
Co  =  index  structure  parameter,  m‘2/3 
Cr  =  temperature  structure  parameter,  K2/m2/3 
dL(\,r)  =  change  in  spectral  radiance,  W/(m2sr) 
dr  =  distance,  m 

E  =  spectral  irradiance,  kW/(m2/tm) 

Ef  =  efficiency  with  which  aerosol  is  dissemi¬ 
nated,  dimensionless 
h  =  altitude,  m 

/  =  imaginary  operator,  dimensionless 
L  =  path  length  through  obscurant,  m 
Lb  =  background  luminance,  cd/m2 
LI  =  apparent  luminance  of  background, 
cd/m2 

Lc  —  obscurant  luminance,  cd/m2 
Lb  =  luminance  of  horizon  sky,  cd/m2 
La  =  object  luminance,  cd/m2 
U,  =  apparent  luminance  of  object,  cd/m2 
Lp  =  atmospheric  path  radiance,  dimension¬ 
less 

L(A,r)  =  spectral  radiance  at  point  r,  W/(m2sr) 
l  =  distance  between  points  r\  and  ri,  m 
M  =  mass  of  particle,  g 
Mo  =  mass  of  aerosol  in  munition,  g 
Mo  =  mass  of  obscurant  aerosol  disseminated 
by  a  munition,  g 

m{\)  =  complex  index  of  refraction,  dimension¬ 
less 


n(A)  =  real  part  of  index  of  refraction,  dimen¬ 
sionless 

n,( X)  =  imaginary  part  of  index  of  refraction, 
dimensionless 
P  —  air  pressure,  mbar 
P»(X)  =  emitted  power,  W 

Q  =  extinction  efficiency,  dimensionless 
Q(A,r)  =  scattering  efficiency,  dimensionless 
R  =  path  length,  km 

Rj(A)  =  sensor  spectral  responsivity,  V/W  or 
A/W 

r  =  particle  radius,  m 
T  =  temperature,  K 

Tt  =  effective  atmospheric  transmittance, 
dimensionless 

7fri)  =  temperature  at  point  n,  K 
T(r{)  =  temperature  at  point  n,  K 
T( X)  =  atmospheric  transmittance,  dimension¬ 
less 

Tc(X)  =  contrast  transmittance,  dimensionless 
Tj(A)  =  transmittance  through  obscurant, 
dimensionless 

Y/  =  yield  factor,  dimensionless 
e-(X)  =  mass  extinction  coefficient,  m2/g 
a (A,r)  =  mass  extinction  coefficient  at  point  r, 
m2/g 

y(A)  =  volume  extinction  coefficient,  m'1  orkm"' 
6  =  scattering  angle,  rad 
X  =  wavelength,  ^m 
p(r)  =  density  of  the  medium,  g/m1 

a  =  geometric  cross  section  of  particle,  m2 
a ,  =  scattering  cross  section,  m 2 
a,(0)  =  angular  scattering  cross  section,  m2/sr 
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2-1  INTRODUCTION 

Atmospheric  obscurants  reduce  the  performance  of 
EO  and  mm w  sensors  by  ( 1 )  reducing  the  signal  radia¬ 
tion  reaching  the  sensor  because  of  reduced  atmos¬ 
pheric  transmittance  in  the  sensor  wavelength  response 
region,  (2)  increasing  noise  at  the  sensor  due  to  scattet- 
ing  of  atmospheric  radiation  or  system  illuminator 
energy  into  the  sensor,  (3)  introducing  clutter,  i.e.,  sig¬ 
nals  which  may  resemble  the  target,  and  (4>  reducing 
the  signal-to-noise  ratio  through  turbulence-induced 
wave-front  degradation.  In  addition,  naturally  occur¬ 
ring  obscurants  such  as  rain  and  snow  modify  the  target 
signature,  i.e.,  they  change  the  appearance  of  the  target 
to  the  sensor.  The  nature  and  magnitude  of  the  effects 
also  depend  on  sensor  characteristics  such  as  (I)  the 
sensor  spectral  response,  sensitivity,  and  resolution,  (2) 
whether  the  sensor  is  an  imaging  or  nonimaging  sen¬ 
sor,  and  (3)  whether  the  sensor  is  active— illuminates 
the  target  and  senses  the  reflected  radiation — or 
passive— relies  on  naturally  occurring  radiation  re¬ 
flected  from  or  emitted  by  the  target. 

Par.  2-2  introduces  generic  EO  and  rmnw  systems  and 
discusses  how  these  systems  are  affected  by  the  atmos¬ 
phere.  The  remainder  of  this  chapter  is  a  qualitative 
description  of  natural  obscurants  and  battlefield- 
i mint  ed  coutuininunisand  is  designed  asabackgt mind 
disc  ussion  for  engineers  who  are  not  familiar  with  then' 
areas.  Chapters  3  and  4  contain  quantitative  data  on 
natural  ami  battlefield  obscurants,  which  are  used  in 
the  illustrative  system  petformame  talc  illations  in 
Chapter  V 


2-2  ELECTRO-OPTICAL  AND 

MILLIMETER  WAVE  SENSORS 

Because  system  design,  target  signatures,  at¬ 
mospheric  effects,  and  the  impact  of  obscurants  on  sys¬ 
tem  performance  arc  determined  by  the  spectral  region 
in  which  the  sensor  operates,  the  discussion  is  broken 
down  by  spectral  region  into(l)  visible  (0.4-0.7  pm)and 
near  infrared  (IR)  (0.7-2.0  pm),  (2)  thermal  systems,  mid 
IR  (3-5  pm)  and  far  IR  (8-12  pm),  and  (3)  mmw  (p>  imar- 
ily  35  and  94  GHz).  The  rationale  for  discussion  of  these 
spectral  bands  to  the  exclusion  of  others  (G-7  pm  for 
instance)  is  that  these  are  the  spectral  regions  in  which 
most  systems  operate  because  of  the  transmittance 
properties  of  the  natural  atmosphere,  target  signatures, 
and  materials  technology. 

The  generic  systems  addressed  in  this  handbook  are 
listed  in  Table  2-1  by  mode  of  operation  (passive  or 
active,  imaging  or  nonimaging),  spectral  response,  and 
application. 

The  spectral  regions  in  which  sensors  can  perforin 
are  limited  by  the  atmosphere;  for  a  sensor  to  perform, 
the  radiation  it  senses  must  be  able  to  pass  through  the 
environment  from  the  target  to  the  sensor.  The  low 
resolution  plot  of  ground  level  atmospheric  transmit¬ 
tance  in  Fig.  2-1  indicates  the  major  atmospheric 
■■windows"— i.e.,  regions  with  generally  good  atmos¬ 
pheric  transmittance.  The  regions  of  poor  transmit¬ 
tance  in  Fig.  2-1  indicate  atmospheric  absorption, 
primarily  by  water  vapor  ami  CQi.  The  three  curves 
indicate  a  tropical  atmosphere  with  high  water  vapor 
content,  a  subarctic  atmosphere,  which  has  a  low  water 


TABLE  2-1 

GENERIC  SYSTEMS  INCLUDED  IN  THE  HANDBOOK 


WAVELENGTH 
Visible  anti  Near  IR 


Mid  IR 

Far  IR 


Millimeter  Wave 
35  (-Hz 


PASSIVE  IMAGING 


Eye  ami  Day  Sights* 
Television  (TV) 
Image  Intensdiers  (I*) 

Thermal  Imager 
Terminal  Guidance 

Thermal  Imager 
Terminal  Guidance 


ACTIVE  PASSIVE 

.<  ON  IMAGING  NONIMAGING 


Rangefinder  (Ruby.  Nd) 

Designator  (Nd)  fur  Semi- 
ac  tive  Homing 
Bramrider  (GaA») 

Heat-Seeking  Missiles 

Rangefinder  (CX)})  Remote  Detection 

Beam  rider  (GOj) 

Designator  (CO)) 

Rrnvotc  Sensing  (CX)j) 


Terminal  Guidance  Terminal  Guidance 


<MGHt 


Target  Taxation 


•Dintxt  View  Oink* 
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Nave  length  x,  pm 


5  13  f5  20  25 


Have  length  x, 

Ftgui*  2-1.  Atmospheric  Tranwmiunce  T(k)  vs  Wavelength  A  (Ref.  1) 


vapor  content,  and  a  typical  t'S  or  nmilaimnir  atmos* 
phece.  which  has  a  moderate  water  content.  These 
rurvw  illustrate  the  r  fleet  <*(  wain  vapor  content  on 
thermal  transmittance.  Millimeter  wave  trammittamv 
is  best  »n  i hr  atmospheric  windows  at  35  OH/  and 
9f  GH/.  with  severe  wetrf  vapor  ami  oxygen  absntp- 
tion  limiting  thr  usrfulnesv  «*f  othrt  mmw  firqurn- 
t  int.*  The  at  tual  transmittance  within  the  atmospheric 
windows  will  hr  determined  by  local  meteorological 
conditions 

For  EO  sensors,  obscuration  tan  br  caused  by  thr 
natural  atmosphere  (int  hiding  li*g.  rain,  ami  snow)  and 
battlefield  smoko  and  dust.  Thr  major  obscurant*,  at  33 
GHi  and  93  GH#  are  artillery  •poxiims’  debris,  atmos¬ 
pheric  moisture,  and  precipitation;  turou  letter  wxur- 
times  reduce*  the  mmw  system  signal -to-ttoise  ratio. 

I  hr  rfles . « -  yu  of  an  obscurant  against  a  vrttsoc  it. 
drprndent  v  *nly  on  thr  obscurant  (and  obscurant 


•t.imii«f*«ivgr  rm«t  »*  »irro»  may  br  designed  to  uprrttir  in 
RKitmi  of  poor  ainunphcxu  transmittance  to  limit  thr  pm- 
sibclry  at  tkmtwn 


torn  miration)  but  also  on  thr  srnsoi  design.  Selection 
o(  a  sensor  spectral  operating  band  within  an  atmos¬ 
pheric  window  dr|trmls  on  the  target  tharatirtistics, 
thr  backgrouml  against  which  the  latgri  must  hr 
detrttrd.  oprrationai  scenarios,  sensor  design,  and 
materials  technology. 

Passive  systems  rrlv  lor  thrir  opetatitin  on  tlillerent  rs 
between  thr  target  and  bat  kgtuund  scene.  Visible  ami 
near  IR  srnsors  detot  differences  in  reflected  natural 
illumination— sunlight  or  moonlight.  Passive  thermal 
systems  detect  the  difference  in  emitted  radiation  in  the 
scene  corn*  ponding  to  temperature  and  emissivity  dif¬ 
ference*  in  the  .3-3  or  8-12  pm  %|xxtral  hand.  Passive 
sensors  are  affected  by  trdurtion  in  atmospheric  traits- 
mttianrr.  which  reduces  thr  signal  at  thr  *m»ot:  by 
Mattering  of  ambient  radiation  into  the  sensor  field  id 
view  (reducing  the  apparent  contrast  of  the  target);  and 
by  clutter,  or  utrgrt-like  objects  in  the  imagery. 

Active  target  acquisition  systems,  which  use  a  laser  or 
lamp  source  to  illuminate  thr  targrt.  do  not  irly  on 
natural  illumination  or  emission.  Rather,  these  spec¬ 
trally  narrow  sensors  rely  on  the  target  reflex  tame  at  the 
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illuminator  wavelength  to  provide  the  sensor  signal. 
Active  systems  generally  use  coherent  sources,  such  as 
lasers,  rather  than  broadband  (incoherent)  sources. 
Coherent  sources  are  spectrally  very  narrow  and  have  a 
narrow  spatial  beam  divergence  which  concentrates  the 
illuminator  energy  in  a  narrow  angle  (usually  0. 1  to  0.5 
mrad).  The  narrow  spectral  line  width  permits  spectral 
filtering  of  the  detected  signal  to  reduce  background 
noise.  Active  systems  may  be  affected  by  (1)  the  reduc¬ 
tion  in  atmospheric  contrast  transmittance,  (2)  changes 
in  target  reflectance  at  the  illumination  wavelength, 
and  (3)  atmospheric  scattering  of  the  illuminator  energy 
back  into  the  system  receiver,  which  may  cause  false 
alarms.  Multiple  scattering  of  laser  radiation  by  fogs 
effectively  increases  background  at  the  illuminator 
wavelength.  Systems  that  depend  on  laser  sources  are 
also  particularly  susceptible  to  (1)  atmospheric  turbu¬ 
lence  effects,  which  can  cause  spreading  of  the  illumi¬ 
nation,  (2)  beam  wander,  which  reduces  illumination 
on  the  target  and  at  the  receiver,  and  (3)  beam  breakup, 
which  is  seen  as  a  "spottiness”  in  the  illuminating 
beam. 

2-2.1  VISI1.  ND  NEAR  IR  SENSORS 
(0.4-2a  n) 

The  visible  spectral  region,  0.4-0. 7  /im,  includes 
those  wavelengths  of  radiation  to  which  the  human  eye 
is  sensitive.  EO  systems  operating  in  this  region  include 
direct  view  optics,  TV  systems,  and  ruby  laser  range¬ 
finders.  First  and  second  generation  image  intensifiers 
(I3)  operate  in  the  0.4-0. i)  /im  spectral  region,  which 
includes  both  the  visible  spectrum  and  part  of  the  near 
IR  region:  second  generation  image  intensifiers  operate 
in  the  0.6-0. 9  pm  band.  TV  systems,  depending  on  the 
photocathode  or  photoconductor  used,  may  respond  to 
both  visible  and  to  near  IR  radiation.  Neodymium  laser 
rangefinders  and  designators  operate  at  1.06  ^m. 

Visible  and  near  IR  passive  imaging  sensors  use 
ambient  radiation  reflected  from  the  target  and  target 
background  to  form  the  scene  imagery.  Daylight  sys¬ 
tems,  including  the  eye,  direct  view  optics,  and  day  TV, 
depend  on  reflected  solar  radiation.  Image  intensifiers 
(I-)  depend  on  the  reflected  night  sky  radiance.  The 
image  quality  of  these  systems  depends  on  the  level  of 
ambient  illumination,  the  relative  reflectance  of  the 
target  and  background  scene  elements  modified  by 
atmospheric  contrast  reduction,  and  on  the  sensor 
rcsponsivity.  Atmospheric  contrast  reduction  has  two 
principal  causes:  ( 1 )  radiation  reflected  from  the  scene  is 
attenuated  by  absorption  or  scattering  and  (2)  stray 
radiation  is  scattered  into  the  sensor.  In  nonimaging 
systems,  atmospheric  absorption  and  scattering  reduce 
the  signal  received  from  the  target  and  inctease  noise. 

The  primary  natural  atmospheric  effect  in  this  spec¬ 
tral  region  is  aerosol  extinction,  the  scattering  of  radia¬ 


tion  by  small  haze  particles  in  the  atmosphere.  The 
atmospheric  transmittance  in  both  the  visible  and  near 
IR  regions  scales  rather  closely  with  visibility,  except  in 
extremely  clear  weather  when  absorption  and  scatter¬ 
ing  of  radiation  by  gaseous  atmospheric  molecules  are 
the  only  remaining  factors.  Changes  in  absolute 
humidity  have  relatively  small  effects,  except  in  their 
contribution  to  aerosol  particle  size  growth.  Rain, 
snow,  and  fog  reduce  the  effectiveness  of  passive  imag¬ 
ers  by  reducing  atmospheric  contrast  transmittance  and 
by  reducing  the  natural  illumination  level.  They  scatter 
active  illumination.  Snow  cover  also  changes  the  target 
contrast.  Cloud  cover,  by  itself,  reduces  the  performance 
of  passive  visible  and  near  IR  systems  by  reducing  the 
ambient  illumination. 

2-2.2  THERMAL  SYSTEMS  (3-5  and  8-12  /tm) 

Systems  operating  in  the  IR  spectral  regions  include 
passive  mid  IR  (3-5  (im)  and  far  IR  (8-12  p m)  thermal 
imagers  and  terminal  guidance  systems,  some  modern 
missile  seekers  (4-4.5  pm),  and  active  CO:  (10.6  pm) 
rangefinder,  designator,  beamrider,  and  remote  sensing 
systems.  Active  coherent  imaging  systems  using  CO2 
laser  illuminators  are  in  development.  Older  missile 
seekers  may  operate  in  the  1 .7-3.5  pm  spectral  region 
because  of  detector  technology  limitations  at  the  time 
they  were  designed. 

Thermal  imaging  systems*  detect  and  image  the  nat¬ 
urally  occurring  differences  in  radiation  emitted  from 
or  reflected  by  the  target  and  the  background  scene.  The 
imagery  is  generally  not  affected  by  ambient  illumina¬ 
tion,  except  in  the  presence  of  IR-reflecting  back¬ 
grounds,  such  as  water  at  shallow  grazing  angles.  A 
thermal  signature  of  a  target  is  usually  expressed  as  the 
temperature  difference  in  kelvins  between  the  average 
target  temperature  and  the  background  temperature 
referenced  to  a  300-K  background.  For  ambient  temper¬ 
ature  targets,  the  radiation  peaks  at  about  10  pm.  For 
hotter  targets  the  spectral  peak  shifts  to  shorter  wave¬ 
lengths.  For  aircraft  engine  exhausts,  the  peak  is  in  the 
4-4.5  ^m  region.  For  active  systems  such  as  CO:  laser 
radars  and  rangefinders,  the  target  signature  depends 
on  the  target  reflectance  at  the  illuminator  wavelength 
rather  than  the  target  temperature. 

The  atmosphere  impacts  the  performance  of  EO  sen¬ 
sors  operating  in  the  thermal  band  by  reducing  the 
apparent  target  signature  by  transmittance  losses  and 
by  weather-driven  changes  in  the  target  signature.  Path 
radiance  is  not  significant  except  in  low  visibility  con¬ 
ditions  or  over  long  distances.  Visibility  is  not  in  gen¬ 
eral  a  good  indicator  of  thermal  system  performance 


•Forward-looking  infrared  (FLIR)  systems  are  thermal  imag¬ 
ing  systems  developed  for  use  in  aircraft;  the  acronym  FLIR 
is  often  used  to  indicate  any  thermal  imaging  system. 
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because  thermal  systems  are  relatively  insensitive  to 
haze.  They  are,  however,  affected  much  more  than  visi¬ 
ble  systems  by  variations  in  atmospheric  water  content. 
The  primary  mechanisms  for  atmospheric  extinction 
within  the  thermal  bands  are  water  vapor  absorption, 
COj  molecular  absorption,  and  aerosol  extinction, 
including  water  (fog  and  clouds).  Increases  in  absolute 
humidity  significantly  reduce  the  transmittance  in  the 
thermal  bands.  Higher  humidity  conditions  may  also 
reduce  transmittance  by  causing  aerosol  particle  size 
growth,  particularly  in  the  salt  spray  particles  of  mari¬ 
time  atmospheres. 

Aerosol  extinction  due  to  rain,  snow,  and  fog  signifi- 
v  aiitly  degrades  thermal  sensor  performanc  e  by  attenuat¬ 
ing  signal  radiation  and  scattering  background  radiance 
into  the  system  detector,  which  increases  the  noise  level. 
The  extent  of  extinction  due  to  fog  depends  strongly  on 
the  aerosol  particle  size  distribution  and  cannot  be  pre¬ 
dicted  solely  from  visibility.  Aerosols  of  maritime 
origin  degrade  system  performance  more  than  aerosols 
of  continental  origin:  in  low-  visibility  conditions  (less 
than  2  km),  sensor  performance  varies  stiongly  with 
aerosol  type.  For  active  systems,  bat  kstatter  from  natu¬ 
ral  aerosols  must  be  considered  because  it  will  increase 
noise  at  the  illumination  wavelength;  in  moderate  to 
heavy  rain,  snow,  and  fogs,  multiple  scattering  effec  ts 
must  also  be-  considered.  For  nonimaging  ac  tive  sen¬ 
sors.  the  unpac  t  of  added  in-band  noise  is  a  dec  reuse  in 
target  acquisition  piohdnUty  and  an  ini  tease  in  false 
alarm  rate. 

Poor  weather  ulv*  degrades  passive  thermal  imager 
performance  b\  reducing  the  target  signature  In  met¬ 
cast  conditions  target  and  hackgtuund  signatures  of 
passive  targets  tend  to  "wash  out"  to;t  uniform  temper¬ 
ature.  Ac  live  tat  gets  sue  It  a%  exercised  tanks  may.  how¬ 
ever.  standout  more  strongly  against  this  background. 
Ram  and  scow-  cool  the  targets  and  backgrounds, 
whit  It  leads  to  a  tctoir  undent,.  ninpcrattnr  disttibu- 
linn  at  toss  the  scene.  Rain.  snow,  and  wet  fogsalvi  alter 
active  system  target  signatures  hv  (hanging  the  target 
and  bat  kgtouml  rrlln  tanc  r  c  har.it  trttsiu  \ 

2-2.3  MILLIMETER  WAVE  SENSORS  (35 
and  94  GHz) 

Millimeter  wave  applications  currently  umlrt  devel¬ 
opment  me  Indr  35  till* and 94  till/  criminal  guidance 
sensors,  which  ate  acme  nonunagmg  systems,  and 
35  GHr  passive  nonimaging  criminal  acquisition 
sensors. 

Atmospheric  extinction  at  tnmw  and  treat  mmw  Ire- 
quemirs  it  dominated  by  water  vapor,  liquid  water, 
and  oxygen  absorption,  t  he  best  "windows"  in  this 
region  are  near  35  GHr  and  <d  GHr.  Millimeter  wave 
system  performance  it  generally  unaffected  by  atmos¬ 
pheric  Irate.  Fog,  rain,  and  »now  all  tmpait  the  perfoc- 


mance  of  mmw  sensors.  Fog  reduces  transmittance 
because  of  the  increased  liquid  water  contei  a  the 
atmosphere.  Rain  and  snow  scatter  and  absorb  mmw 
radiation;  backscatter  from  drizzle  can  cause  serious 
signal-to-noise  degradation. 

2-3  FACTORS  THAT  AFFECT  EO  AND 
MILLIMETER  WAVE  SENSOR 
PERFORMANCE 

The  atmosphere  reduces  the  amount  of  signal  radia¬ 
tion  reaching  a  sensor  from  the  target.  It  may  also 
introduce  noise  in  the  sensor  band  and  reduce  signal 
quality.  The  atmospheric  parameters  used  to  character¬ 
ize  this  signal  degradation— atmospheric  extinction, 
transmittance,  contrast  transmittance,  and  turbulence- 
are  defined  in  the  paragraphs  that  follow.  Clutter  is 
defined  in  par.  2-3.5. 

2-3.1  EXTINCTION— ABSORPTION  AND 
SCATTERING 

Extinction  isdefined  as  the  reduc  tion,  or  attenuation, 
of  radiation  passing  through  tht-  atmosphere.  Extinc  ¬ 
tion  c  omprises  two  processes:  absorption  of  energy  and 
scattering  of  energy.  In  absorption,  a  photon  of  radia- 
lion  is  absorbed  by  an  atmospheric  molecule  or  an 
aerosol  particle.  In  scattering,  the  direc  lion  ol  the  int  i- 
dent  radiation  is  changed  by  collisions  with  atmos¬ 
pheric  molecules  or  aerosol  particles.  Atmospheric 
extinction  depends  on  the  type,  si/e.  and  t  out  filtration 
of  the  attuosphetic  constituents  and  the  wavelength  o| 
the  electromagnetic  radiation. 

Absorption  of  radiation  by  uttnosphrtit  gases  and 
w-aiet  vapor  causes  significant  extinction  m  the  IR 
bands.  Absorption  is  strongly  wav,  length  dependent: 
the  absorption  wavelengths  must  inrtevpond  to  the 
energy  different rs  between  the  different  rotational  and 
vibrational  vtates  of  atmospheric  molecules.  Abv  >. 
lion  by  natural  atmospheric  gases,  including  ,r 
vapor,  is  desc  tilted  in  |tar.  2-4.1.  Absorption  usually 
dominates  scattering  at  IR  and  mmw-  wavelrngths. 

Sc  atirrmg  is  the  major  la<  tor  m  v  ruble  rxtinc  lion  but 
may  alurbr  important  at  IR  w  avelrngths.  Sc  attering  by 
tain  and  snow  is  (hr  major  atmospheric  mmw  aiiruua- 
tion  mts  hanism. The  scattering!  hurac  trustee  set!  a  pat- 
tic  leaie  quantified  using  a  scaitrtmgc  toss  ms  non.  The 
Mattering  c  toss  see  non  o,  isdefened  as  that  •  toss  sex  mm 
of  an  int  idem  wave,  ac  ted  cm  by  the  pattu  le.  has  mg  an 
area  sue  h  that  all  t  hr  power  (lowing  ac  toss  it  is  repeal  n» 
the  total  power  scancml  in  all  ditetuems.  The  Hire- 
tivmrssof  an  obw  urant  as  a  Mattering  medium  drprntls 
on  tltr  ratio  of  the  ofm  mam  panicle  size  to  the  tao ca¬ 
tion  wavelength.  Scattering rffee  livmcss  is  given  by  the 
Mattering  efficiency  Q(A.r)  which  is  ihe  ratio  of  the 
effective  Mattering  mm  section  of  a  panic  le  of  radius  r 
ro  its  geometric  truss  section  as 
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Q(A,r)  =  -%  -  4/0  odfljsin&ifl, 
nr'  r  0 

dimensionless  (2-1) 


where 

r  =  particle'  radius,  in 

o,(0)  =  angular  scattering  cross  section,  in-  sr 
0  =  scattering  angle,  rad. 


It  the  particle  si/t-  is  much  smaller  than  the  radiation 
wavelength,  Rayleigh  scattering  results,  and  scattering 
efficiency  simplifies  to  the  expression 


r>W:-  n2 

\4(n(A)‘  +  2 f  ' 

dimensionless  (2-2) 


where 

n(A)  =  real  part  of  index  of  refraction, 
dimensionless. 

If  the  particle  sire  is  much  larger  than  the  radiation 
wavelength,  the  scattering  efficiency  may  be  calculated 
using  geometric  optics.  The  complex  Mie  scattering 
theory  must  be  used  for  calculations  in  the  scattering 
resonance  region  where  the  particle  size  and  radiation 
wavelength  are  of  the  same  order.  Fig.  2-2  sho'  s  Q(A,r) 
as  a  [unction  of  the  particle  size  to  wavelength  ratio  for 
water  droplets.  There  is  a  A"4  dependence  of  Q(A,r)  in 
the  Rayleigh  scattering  regime  (particle  size  small 
compared  to  wavelength)  shown  at  the  left  in  Fig.  2-2. 
an  increase  of  Q(A,r)  to  about  -1  when  the  wavelength 
and  particle  size  are  about  the  same,  and  an  oscillating 
value  of  Q(  A,r)  con  verging  to  about  2  for  the  geometri- 
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Figure  2*2.  .Scattering  Efficiency  as  a  Function  of  Particle  Sise  to  Wavelength  Ratio  for  Small 
Water  Droplets  (Ref.  2) 
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cal  optics  region  (shown  at  the  right)  in  which  the 
particle  size  is  much  larger  than  the  radiation  wave¬ 
length. 

The  direction  in  which  the  radiation  is  scattered 
depends  on  the  type  of  scattering.  For  Rayleigh  scatter¬ 
ing,  the  energy  is  scattered  about  equally  forward  and 
backward.  As  the  particle  size  approaches  A/4,  the  scat¬ 
tering  shifts  predominantly  to  the  forward  direction. 
Mie  scattering  is  almost  entirely  in  the  forward  direc¬ 
tion.  This  is  illustrated  in  Fig.  2-3.  Table  2-2  summa¬ 
rizes  scattering  effects. 

Particle  sizes  for  several  common  obscurants  are 
given  in  Table  2-3.  From  the  relationships  in  Table  2-2, 
it  is  clear  that  the  atmospheric  molecules  ( 10'*  pm)  will 
be  minor  scatterers  for  visible  (0.4-0.7  pm)  and  thermal 
systems  (3-5  and  8-12  pm).  Scan  ng  due  to  haze  and 
fog  oil  will  primarily  affect  visible  systems;  fogs  and 
clouds  will  scatter  both  visible  and  IR  radiation.  Dust 
will  also  scatter  visible  and  thermal  radiation.  Only 
rain  and  snow  will  be  significant  scatterers  for  nunw 
systems;  94  GHz  frequency  corresponds  to  a  3-nun 


Incident 

ftidutlon 


(fl)  Mle  Scattering 


Incident  Rid  title** 


(B)  Rayleigh  Scattering 

Reprinted  with  permission.  Copyight  ®  by  John  Wiley  & 
Sons.  Inc. 

Figure  2*3.  Scattering  Direction  for  Mie  and 
Rayleigh  Scattering  (Ref.  3) 

wavelength,  which  is  the  approximate  size  of  raindrops 
u  id  snowflakes. 

The  theoretical  Mie  curves  only  apply  to  mono- 
dispersed  aerosols.  Most  prut  lical  light-scattering  prob- 


TABLE  2-2 

EFFECT  OF  PARTICLE  SIZE  TO  WAVELENGTH  RATIO  ON  SCATTERING  DIRECTION 


PARTICLE  RADII'S 

SCATTERING  THEORY 
t'SEO 

EFFECT 

less  than  A  10 

Rayleigh  Mattering 

Symmetrit  Mattering;  varies  as  (partiilr  solutm-FA  * 

Greater  than  A  10 

Mie  Mattering 

Maximum  Mattering 

About  A  4 

Mir  Mattering 

altering  mostly  in  forward  dilation;  vimr  spread 

Greater  than  A 

Mie  Mattering 

Almost  entirely  forward  vanning 

Greater  than  I0A 

Geumetrn  <>pt it  > 

Refraction,  reflation,  or  difirarlion 

TABLE  2*3 

PARTICLE  SIZE  AND  SCATTERING  EFFECT  OF  ATMOSPHERIC  OBSCI  R ANTS  (Ref.  4) 


MATTERING* 

EFFECT 

ORStt  RANT 

APPROXIMATE  PARTICLE 
DIAMETER.  Mm 

VLSI  RLE 

IR 

MILLIMETER 

WAVE 

Atmospheric  Mulct  tile 

10" 

RS 

RS 

RS 

Harr 

10  J-  10  * 

RS-MS 

Rs 

RS 

Fog 

0.5  ■  100 

MS-GO 

MS 

RS 

Cloud 

2-200 

•MS -GO 

MS 

RS 

Rain 

I0}  - 10* 

go 

GO 

MS 

Snow 

5X10*  •  5X10' 

GO 

<iO 

MS4.G 

Fog  Oil  (mean  sue) 

1 

MS-GO 

MS 

RS 

Airborne  Dost 

1  -  10* 

MS-CO 

MS 

RS 

•RS  *  Raytnjtti  Mattering 
MS  »  Mir  nilnini 
GO  ■  grurarOK  uptKi 
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lenis  will  be  related  to  polydispersed  aerosol  systems. 
Since  the  ligt .  -scattering  properties  depend  very  strong¬ 
ly  on  particle  size,  a  mean  or  effective  particle  size  is  of 
little  value  in  determining  the  expected  scattering 
result.  A  statistical  description  of  the  aerosol  particle 
size  distribution  must  be  found,  and  an  effective  effi¬ 
ciency  factor  determined.  It  is  found  that  this  approach 
dampens  the  Mie  resonances  and  results  in  lower  scat¬ 
tering  efficiencies,  with  a  smoother  shape  to  the  scatter¬ 
ing  curve. 

2-3.2  ATMOSPHERIC  TRANSMITTANCE 

Theatmospheric  transmittance  T(X),  over  a  specified 
path  length,  is  defined  as  the  ratio  of  the  received  power 
to  the  emitted  power.  It  depends  on  the  wavelength  of 
the  radiation,  the  length  of  the  atmospheric  path,  and 
the  type,  size,  and  concentration  of  the  atmospheric 
constituents. 

For  monochromatic  (single  wavelength)  radiation, 
the  change  in  spectral  radiance  tU.(k.t)  across  a  distance 
of  dr  may  be  expressed  m  terms  of  a  mass  extinc  tion 
coeffit  iem  o(A.r)  by 

dL(k,r)  =  ~ot(A,r)  L(k,r)p(r)dr,  W  (mJs»)(2-3) 

where 

l,(k.t)  -  spectral  radiance  at  point  r.W  (m*sr) 
P<r)  -  density  o(  the  medium,  g  rn1 
crtX.r)  «  mass  extinction  coefficient  at  point  r. 
tn;  g. 

lire  mass  extinction  coefficient  is  used  to  calculate 
rxtiin  tion  by  obxc  maim  suth  as  battlefield  smoke  and 
a u borne  dust.  These  obscurants  may  Itasr  a  broad  dis- 
ttibutton  of  panic  le  sizes  and  a  ttommiiiotot  toncentta* 
non  user  the  senscH-to-target  path. 

If  tlte  atmosphere  is  assumed  to  be  utttiorm.  wht<  h  t» 
tire  usual  assumption  osrt  a  liMahzrd  grouml  Irvrl 
path,  then  the  extinction  lot  a  given  atmosphere  i» 
simply  a  (unction  of  the  wasrlength  ol  the  radiation 
and  its  atmospheric  path  le  ngth.  It  can  be  expressed  in 
terms  ol  a  volume  exrim  rum  corilk irtti  ytA)  as 

—■  '  =  ~y{k)dR.  dimensionless  (2*4) 

f.(A.r) 

where 

R  =  path  length,  km. 

For  mnncKhromatM  radiation  propagating  thimigh 
the  atmusphetr.  transmittance  T[k\  ha  radiation  ol 
wasrlength  k  is  gisrn  by  Beer's  law  as 

T(A)  =  r  dimensionless.  (2-5) 


Often  an  "effective  atmospheric  transmittance"  T, 
over  a  sensor  spectral  band  is  defined  as  the  ratio  of  the 
received  power  at  the  sensor  to  the  target  signal  emitted 
power  P»(k)  in  the  same  spectral  region,  weighted  by  the 
sensor  spectral  responsivity  Rt(k) 


&Po(k)Rs(k)T(k)dk 

i  -  1 

'  ”  fcP0(k)R,(k)dk 

Ai 


dimensionless. 

(2-6) 


This  broadband  transmiuant**  does  not  necessarily 
scale  exponentially  with  range  because  of  the  structure 
in  the  atmospheric  absorption  spectrum.  To  under¬ 
stand  this,  consider  a  spectral  region  for  which  trans¬ 
mittance  at  I  km  is  0.1  in  half  the  band  and  0.9  in  the 
other  half,  fur  a  band  averaged  transmittance  of  0.5.  At 
2  km  these  transmittances  reduce  to  0.01  and  0.81. 
respectively,  for  a  band  aveiagcd  transmittance  of  0.4 1 . 
instead  of  0.25— (0.5)*. 

The  designer  should  note  that  systems  operating  in 
the  same  spectral  region  and  the  same  atmosphere  may 
be  affected  differently  by  atmospheric  transmittance  if 
the  target-sensor  geometry  differs.  Fig.  2-4  shows  two 
direc  t  view  geometries:  one  requiring  one-way  nans- 
mittance  through  the  atmosphere  (bramridrT)  and  one 
requiring  a  two-way  path  through  the  atmosphere 
(rangefinder).  In  Fig.  2-4(A)  the  radiation  must  be 
transmitted  a  distance  R  to  tire  target  (ram  the  laser,  and 
transmittance  is  given  by  Kq.  2-5. 

in  the  langelinder  application  shown  in  Fig.  2-4(B) 
the  tadiation  must  be  propagated  to  the  target,  reflet  ted 
oil  (he  target,  and  be  propagated  hack  to  (he  sensor. 
Thus  the  path  length  R  is  twice  the  range  ro  »he  larger. 

1  heeflrt  t  of  a  highly  attenuating  atmosphere  iscleatly 
much  mem-  srvrir  in  the  second  case. 

A  third  «a*r  occurs  il  ihr  system  must  {triform  over 
two  diiirrrttt  atmospheric  paths,  as  in  dre  case  id  the 
laser  designator  shown  rn  Fig.  2-5  Here,  thr  illumina¬ 
tor  energy  teat  hes  thr  target  met  Path  1  and  *s  teller  ud 
to  the  meivrt  user  Path  2.  A  loc  alired  obw  utant  such  as 
a  smoke  found  in  either  path  present*  proper  sysimt 
oprtatton.  II  lire  utility  ol  a  system  depends  cm  sensots 
operating  at  twrodifh'trnt  wavelengths,  the  engineering 
analysts  musi  c  onstdet  both  spec  tral  regions.  A  forward 
obsrtset  acquires  a  target  visually  and  designalts  il. 
using  a  \d  YAC.  lasrt  destgnaio'..  lor  a  weapon  (tr.d 
from  another  posinon,  as  m  Ftg.  2-5.  In  this  case,  the 
oprrabrlu v  of  the  sy  stem  drpends  on  visual  ac  quisiiron 
t  passive  0.4-0?  pm  iransmuiarwe  met  Path  I).  success- 
I  ul  designal  ion  (1. 06  fim  laser  ttansmitttturovet  Path  I 
and  Path  2).  and  successful  laser  Hacking  (1.06  pm 
itattsmiiiancr  met  Path  2).  Inirituption  of  die  visual 
line  of  ughi  (l.OS)  or  |  06  pm  l.OS  on  either  (tath  lor 
sesetal  saonds could  irsuli  in  themisstlr  breaking  lark 
on  the  target.  The  visual  l.OS  is  ttnrssaty  lor  drsigna- 
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Figut  2*4.  Direct  View  Geometries  (Ref.  5) 


lion;  ’*'«  I  Ob-jtm  l.OS  urttwm  m  oulrt  that  0u- 
uavr  a  lu  »»a<  k, 

2-3JJ  CONTRAST  TRANSMITTANCE 

Aimmjihrtu  ttammitlamr  lo»«r>  trdmr  ihr  lalRrl 
vignal  OH'wrn«ot.  Atromphrm  *aurtinRi»l  ambtrtu 
tadiamm  mm  ihr  vriluit  max  lutlhn  'k|{»aOr  ihr  vtiwh 
MKnal  iu  itoiv  Mlm  Thiraimmjihriii  iiwimm  tnlw 
mm  i*  (lariKutatU  impmtam  I<m  vmbir  ami  m-at  IK 
inuRtnr  brtaurr  il»\  ,»ir  irnmivr  lo  ualtttai 

ilhmunamm  ami  tinwailiaho  ami  brtamr 


naiurallv  ixiuitinit  hair  t\  a  r»*h1  vaiirtri  iJ  Om 
rnrt*x  The  mbrtrni  <  utumi  C.  brmmi  iwoobjrr  i\  i\ 
driinrO*  a* 

C,  =  — — ~  .  ditnrmionlrvk  (2-7) 
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Sighting  Aid 

Figure  2.5  Target  Acquisition  Geometry,  Designator  not  Collocated  With  Sensor  (Eel.  5) 
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where 

1.0  —  objeel  luminance.  cd  in-’ 

/.»  =  background  luminance.  cd  in  ’. 


An  objec  t  at  some  distance  R  from  the  sensor  will 
have  an  apparent  contrast  that  depends  on  the  object 
and  background  luminance  as  modified  by  the  auuos- 
pheie.  This  atmospheric  effect  will  include  both  absorp¬ 
tion  and  scattering  of  the  target  luminance  out  of  the 
sensor  LOS,  scattering  of  ambient  illumination  into 
the  LOS,  and  emissions  by  atmospheric  gas  molecules 
along  the  path  (atmospheric  path  radiance  Ther¬ 
mal  contrast  may  also  Ik*  reduced  by  atmospheric  path 
radiance. 

The  apparent  contrast  (Z  of  an  object  at  distance  R 
agi  inst  its  background  is 


U 


/  '  —  /  f 

— - —  .  dimensionless  (2-8) 


where 

IZ  =  l«,T  +  -■  ap|Kurni  luininame  of  ob¬ 

ject,  cd  tie 

li  ~  l.bT  +  /  *  =  apparent  lununameof  back¬ 
ground.  <d  m:. 

Contract  ttanstniliamr  T,(A)  is  tire  ratio  trl  apiureni 
contrast  to  inherent  contrast  and  is  given  bv  1Rrl.  tit 


sky-to-ground  ratio  for  a  visual  system  operating  in 
daylight  conditions  are  given  in  Table  2-4. 


TABLE  2-4 

SKY-TO-GROUND  RATIO  VALUES  (Ref.  6) 


SKY 

CONDITION 

GROUND 

CONDITION 

SKY-TO-GROUND 

RATIO 

Clear 

Fresh  Snow 

0.2 

Clear 

Desert 

1.4 

Clear 

Forest 

5 

Overcast 

Fresh  Snow 

1 

Overcast 

Desert 

7 

Overcast 

Forest 

25 

t’nlike  atmospheric  transmittance,  contrast  trans- 
urittancc  along  a  path  depends  on  the  position  of  tnr 
sun  or  other  light  sources  relative  to  the  target  and 
obsriver.  In  the  Ntie-sc altering  regime  'forward  scatter¬ 
ing),  contiast  transmittance  is  better  with  the  light 
source  behind  the  sensor.  Additional  ambient  illumina¬ 
tion  is  scattered  into  the  field  of  view  of  a  sensor  facing 
in  (hr  dirrt  turn  of  the  sun  or  up  at  the  night  sky.  Hus 
scattered  light  reduces  die  apparent  target  contrast. 

If  a  localized  Manner  such  as  an  obMurant  cloud  is 
present  brivccen  the  target  and  v.nsot,  the  conuasi 
ecpiatHrn  must  uu  (rule  the  c  loud  luminance: 


TAK) 


77 T(A).  dimensionless.  (2-9) 

/a. 


C  =  — ~  ,  dimensionless  (2*12) 

r,(A)  u  + l, 


It  there  is  no  significant  scanning  of  radiaium  into 
the  sensor  by  the  atmosphere  along  the  path  ti  e.,  tf  /.*  is 
rtflial  to  /it,  dien 

C.*i  —  (..ft  A).  dimensionless  (2  10) 


where 

T,(Ai  ~  transmittance  through  obscurant, 
dimension  Iru 

L  =  obscurant  luminance,  cd  m5. 


If  the  target  contrast  depends  situngiy  on  thr  back- 
grcHiml  luminance  as  tn  the  case  of  a  tatgn  against  an 
earth  hat  kgtound.  then  (RH  trl 

a  =  <:.  1 1  ~~ti  -  r(A)  ’)| 

dimensionless  (2-1 1 1 

whnr 

fa  3  lutninancr  of  hotimn  sky,  cd  m*. 

Thecpuntitv f4  l.*«cialkdlbrskctogtound ratio. 
In  general.  the  ckv -to-ground  ratio  dectrasrs  with 
increasing  viubtinv:  in  Cmital  Kutopr.  it  usually  (alts 
brtwrrn  2.0  and  VO  (RH.  ?».  t  ypical  valurs  lot  thr 


2-3.4  OPTICA L  THRU* LENCE 

Optical  turbulence  is  a  letrn  used  to  ck-sctibr  time- 
valving  local  fluctuations  in  the  mdrs  of  refract  ton  of 
the  atmosphere.  The  noniintformutrv  are  caused  by 
nwalited  trtnprraturr  flu*  ttutton  shidi  results  in 
''cells*'  of  different  temprraturr  and  rHracitse  mdrs. 
The  intensity  of  the  turbulence  is  drwi  rbtd  by  thr  tndnt 
strut  nm-  potamnrr  Li  or  thr  temperature  structure 
parameter  f.1}.  Turbulence  cell  sue  is  ch-t  ac  tenicd  by 
iwcr  measures,  .be  inner  wale  and  the  <  utrr  wale.  Thr 
inner  gale  of  lurbulrnrr  is  the  meav  .ir  of  small,  local 
refractive  indent  fluctuations;  it  is  i  ally  on  thr  order 
of  several  millimeters.  Thr  outer  waked  turbulence,  lot 
altitudes  A  within  several  meters  of  thr  ground,  iv  usu¬ 
ally  about  h  2  (RH.  8). 


2-10 
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For  ranges  between  the  inner  and  outer  scales  of 
turbulence 


day.  An  excellent  summary  description  of  turbulence 
calculations  is  included  in  Ref.  9. 


C^<LZM7M]>  )  KV(m2/3)  (2-13) 

1/ 


where 

T{t\)  =  temperature  at  point  n,  K 
T(ri)  —  temperature  at  point  r2,  K 
l[~  distance  between  t\  and  rj,  m 
<  ^  =  ensemble  average.* 

C»  and  Ci  are  related  by 

2 

Ci  m'2/3  (2-14) 


where,  for  dry  air  and  optical  wavelengths,  the  varia¬ 
tion  of  the  real  part  of  the  index  of  refraction  n(\)  with 
temperature  is  given  by  (Ref,  9) 


dn(K)  _  19P 
dr  T 


i2  X  10  6,  K 


-i 


(2-15) 


where 

P  =  air  pressure,  mbar 
T  =  temperature,  K. 

The  effects  of  turbulence  on  EO  systems  are  most 
pronounced  for  coherent  systems  (lasers),  where  the 
interference  with  the  optical  wavefront  propagation  is 
most  critical.  Turb'dence-in  *uced  beam  degradation  is 
manifested  in  short-term  s  illation— i.e.,  localized 
high-intensity  patches  and  nulls  in  the  propagated 
heam~and  beam  wander— i.e.,  direction  change  of  the 
beam  centroid— and  a  longer  term  beam  smear— i.e,. 
spreading  of  the  spot  by  tuibulence-induced  direction 
fluctuations.  In  imaging  systems  strong  turbulence 
may  result  in  image  smearing— the  loss  of  high  spatial 
frequency  information.  Turbulence-induced  index  fluc¬ 
tuations  have  the  strongest  effect  at  visible  wavelengths 
and  lesser  effect  at  thermal  wavelengths.  Millimeter 
wave  systems  are  insensitive  to  atmospheric  tempera- 
tuie  fluctuation  but  respond  to  localized  fluctuations  in 
absolute  humidity,  which  cause  changes  in  the  refrac¬ 
tive  index  at  nrrnw  frequencies. 

Turbulence  is  the  least  pronounced  shortly  before 
dawn  and  after  sunset.  It  is  strongest  in  the  middle  of  the 


*A  statistical  ensemble  is  an  assembly  of  a  large  group  of 
systems  each  satisfying  a  particular  set  of  conditions.  An 
ensemble  average  is  an  average  value  over  all  systems  in  the 
ensemble  at  a  particular  time. 


2-3.5  CI, UTTER 

Clutter  is  the  presence  of  “target-like”  objects  in  the 
imagery.  Clutter  level  is  a  measure  of  the  number  of 
background  scene  elements  that  appear  to  resemble  a 
target  on  the  sensor  display  or  to  the  sensor  signal 
processor.  Clutter  occurs  in  the  visible  because  of  differ¬ 
ences  in  the  reflectances  of  naturally  occurring  objects; 
in  the  IR  because  of  differences  of  te.  .perature  among 
rocks,  trees,  and  the  earth;  and  in  the  near  mmw  region 
because  of  differences  between  tree  and  ground  reflec¬ 
tance  and  because  of  multipath  interference  due  to  mul¬ 
tiple  reflections  off  the  ground. 

The  atmosphere  reduces  the  sensor  signal-to-noise 
ratio;  this  often  makes  it  difficult  to  discriminate 
between  actual  targets  and  clutter  objects.  In  addition, 
clutter  caused  by  battlefield-induced  contaminants  may 
mask  actual  targets  or  result  in  difficulty  in  discrimi¬ 
nating  real  targets  from  clutter.  For  example,  under 
severe  atmospheric  attenuation  conditions,  a  thermal 
sensor  cannot  resolve  high  spatial  frequency  target 
information,  only  bright  and  dark  spots.  If  the  attenuat¬ 
ing  medium  also  contains  exo  Vrmic  sources,  such  as 
white  phosphorous  (WP),  hexachloroethane  (HC),  or 
high  explosives  (HE),  the  problem  of  discriminating 
the  obscurant-induced  "hot  spot"  becomes  more  diffi¬ 
cult.  The  observer  either  increases  target  acquisition 
time,  reduces  target  acquisition  probability,  or  is  forced 
to  increase  the  false  alarm  rate. 

2-4  NATURAL  OBSCURANTS 

Naturally  occurring  atmospheric  obscurants  i.u  hide 
attnospht  it  gas  molecules,  water  vapor,  ha/e.  fog.  rain, 
and  sric  w.  The  extent  of  extinction  due  to  these  obxt  ur • 
ants  depends  on  the  radiation  wavelength  as  well  as  the 
concentration  of  the  obscurants.  Sensors  ate  genet  ally 
designed  to  operate  in  atmospheric  ‘w  indows",  spec¬ 
tral  regions  which  exhibit  generally  good  transmit¬ 
tance  under  clear  atmospheric  conditions.  These  win¬ 
dows  are  determined  by  absorption  and  scattering  by 
atmospheric  gas  molecules,  Within  each  window,  daily 
and  seasonal  weather  fluctuations  will  change  the 
atmospheric  transmittance.  lire  impact  of  these  fluctua¬ 
tions— the  distribution  of  atmospheric  transmittance 
values  expected  in  a  given  location— and  target  signa¬ 
ture  variations  will  determine  the  performance  of  a 
sensor,  t.e.,  how  often  the  sensor  will  meet  specified 
requirements,  such  as  target  acquisition  range.  This 
paragraph  qualitatively  describes  the  effects  of  natu¬ 
rally  occurring  obscurants  on  visible,  IR,  and  mmw 
sensors. 
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Htva length  X,  pm 

Figure  2*6.  Sol»r  Spectrum  as  Seen  Through  The  Earth's  Atmosphere  (Rdf.  9) 


2-4.1  WATER  VAPOR  AND  GASEOUS 
ABSORPTION 

I  he  mum  exiint  lion  ellet  l*  Iroin  amtmpltetit  gase* 
air  dtown  in  die  observed  vtiar  *pet mnn  in  Kir.  2-6. 
11m  figure  dtow*  wtlur  radiation  a*  propagated  through 
the  atmoxplterr  uiui  indicate*  (he  atntoxphrric  gaxeoo* 
ub*orption.  I  able  2-5  Miumurtn*  ihr  majut  anno** 
phet  it  atiennulot*  in  eat  it  xpet  tral  legion  ami  imiit  ale* 
i be  total  vaiiatiility  in  theabxotbrt  tontetmaiitm.  Only 
wan  t  va|»t»r  *how*  orong  total  variation*  in eontrnita- 
littn.  I  lte  turn entratiomol  outer  gave*  have  fairly  *ta- 
ble  profile*  with  *light  lota)  sanation*.  Annmphetu 
demits  tki  rraw*  with  altitude;  the  tout rnitaiion  pro¬ 
file*  ol  atmmpltetie  gaxr*  with  alimttle  are  well  dot  u- 
memnl  for  uatulutd"  aunmpherr*  rrptesenutive  ol 
Notlit  A  liter  b  an .  Kutopeau.  tropisai.  ant!  art  lit  tli- 
ituie*(Re(  l>. 


Atntovphetie  gate*  do  not  tamr  ognifitaiti  ubuirp- 
lion  in  she  visual  wimlow.  In  the  IR  region,  water  vapor 
and  <-‘Oj  are  ihe  ittovt  important  absorber*.  Water  vapor 
itnieni  i»  al*o  ilte  tnoM  variable  ol  the  ga*etni*  atmos* 
pherit  t  onoi toe ntv  Thu*  abwdutr  humidity  i*  a  strong 
determinant  ol  thermal  *y*tem  performance.  Carbon 
dioxide  i*  a  orong  ahvtrber  in  the  initami  region*  and 
strongly  a! In  is  the  line rmitter*  tut h  a*  (it),*  la»er».  Hut 
ground  level  atmospheric  CO;  content  i*  not  highly 
variable.  .Millimeter  wave  radiation  i»  ktrotigly  attenu¬ 
ated  by  water  va|*w  and  oxygen  absorption 

2-1 A  HAZE,  FOG,  AND  CLOUDS 

Hare.  big.  anti  clouds  are  all  naturally  txt  urrtitg 
atmospheric  aeroMtl*.  Han  telrr*  to  small  pantile* 
*u»|iended  in  the  atmosphere.  It  may  include  du»t.  ear 
bun  partit  Ir*  salt  spray.  or  induviria!  pollutant*  The 
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TABLE  2-5 

MAJOR  NATURAL  OBSCURATION  MECHANISMS  FOR  VISIBLE,  IR,  AND 

MILLIMETER  WAVE  RADIATION 


SPECTRAL  WINDOW 

MAIN  EXTINCTION 
MECHANISMS 

MAJOR  ATMOSPHERIC 
ATTENUATORS 

VARIABILITY 

Visible  and  Near  IR 

Molecular  absorption 
Aerosol  scattering 

Aerosol  absorption 

Oj 

Haze,  fog,  precipitation 
Haze,  fog,  precipitation 

Not  highly  variable 

Highly  variable 

Scales  to  visibility;  highly 
variable 

Mid  IR 

Molecular  absorption 
Water  vapor  absorption 
Aerosol  scattering 

C02 

HjO  (absolute  humidity) 
Fog,  precipitation  (liq¬ 
uid  water  content) 

Not  highly  variable 

Highly  variable 

Highly  variable 

Far  IR 

Molecular  absorption 
Water  vapor  absorption 
Aerosol  scattering 

CO* 

HjO  (absolute  humidity) 
Fog,  precipitation  (liq¬ 
uid  water  content) 

Not  highly  variable 

Highly  variable 

Highly  variable 

Millimeter  Wave 

35  GHz.  94  GHz 

Molecular  absorption 
Water  vapor  absorption 
Aerosol  scanning 

o, 

HjO  (absolute  humidity) 
Precipitation  (liquid 
water  content) 

Snow  (rate  and  liquid 
water  content) 

Not  highly  variable 

Highly  variable 

Highly  variable 

Highly  variable 

type,  sue,  and  number  density  of  these  put  titles  will 
vary  with  locution.  Atmospheric  attnsol  partit  le  sues 
may  vary  Irtmt  5x10  1  pm  up  to  10  pm,  these  small 
intrudes  Matter  atmnspherit  ratliatimr:  the  staitetiuK 
intensity  at  a  Riven  wavelength  is  determined  by  (xtt ti- 
t  le  sin-,  t  omjHisition  (as  it  alletts  index  o(  refraction), 
amt  tomenuution.  The  tmtmal  huckgioutui  hare  tun- 
tains  partit  les  that  peak  in  si/e  at  alKitu  0.01  pm:  ttuius- 
trial  pollutant*  in  thy  to  modeum- humidity  londitiom 
have  partn  le  sizes  on  the  order  ol  tenths  of  mit  torueters. 
In  the  absent  r  ol  (or  or  ptet  tpnaiion.  Mattering  (rout 
these  (tatlitles  is  the  prim  i|>al  exiinttion  met  Itanism 
lot  visual  radiation.  In  high  humidity  taws  (relative 
humidity  above  80A(.  these  aerosol  particle*  may  by- 
dratr.  whit  h  t  anu  s  |»at  tit  It  si/es  to  prow  to  the  order  ot 
I  pm  or  somewhat  larger;  ibex-  aerosol  partit  les  still 
attenuate  visual  radiation  mote  than  thermal  tadiation. 
When  the  temperautre  appmat  hes  the  tlew  point.  thrse 
jwrm  les  at  t  a*condrn*ution  sites  lot  atmnspherit  water 
vajrot.  whit  h  facilitate*  the  (onnatitrn  ami  growth  m 
log  droplets  ami  c  loud  droplets,  with  sizes  on  the  ntdrt 
ol  10  pm. 

rhe  distinmon  between  log  and  haze  is  sotmwhat 
arbitrary,  Gotxl  working  definitions  are  that  "fog”  tr¬ 
im  to  visibilities  ol  tme  or  two  kilometers  or  levs  and 
that  ''bjur"  is  used  lotleMttbe  atmosphere*  with  visibili¬ 
ties  giratet  than  one  ot  iwtr  kilometers.  Hates  usually 
ton  tain  particles  in  the  J-ptn  m  submit  lonteir*  tange. 
Fogs  contain  droplets  in  the  I -pm  to  10-pm  tange. 


Clouds  are  alstr  composed  of  water  droplets  io  the  10- 
pm  size  range;  the  normal  working  distinction  between 
clouds  and  log  is  one  of  total  droplet  number  density 
(liquid  water  eouteni)  ami  altitude. 

Fogs  are  often  categorized  by  their  formation  met  ha- 
nism.  A  tadiation  fog  is  (uimrd  by  radiative  tooling  ol 
air  to  its  dew  point.  Thus  radiation  fogs  usually  neon 
under  dear  or  partly  doudy  toiutiliom.  llu  vertical 
extent  ol  tadiation  logs  is  limited,  usually  to  mult  i 
about  f»0  in.  Advettion  logs  ate  lotmed  by  ventral  mix¬ 
ing  of  ait  at  difieient  temper atutr  soften  with  vvatmot 
ttdd  Irtrnts  until  the  an  te.u  lies  the  dew  |x*im.  An 
advet  non  logt  hatat  u  timl  bv  a  given  visibility  will  Ire 
a  more  severe  (at  IK  attenuator  than  a  radiation  log 
wdi  rhe  same  visual  it.tmmiti.tmv  Iwxauw  ol  the  dil- 
leteme  in  (urtit  le  size  disttihuttons  I  tel  ween  the  h»gs. 

Clouds  and  logs  aUw  terlute  natural  iMuminaimn, 
file  lower  amhiem  light  it  '  d  mlutes  visual  and  tM'at 
IK  system  pctlotmuthr.  Cloud  roves  also  retimes  solut 
iirsolat  tMt  and  tlu  reby  causes  a  "washing  out"  ol  pus- 
sive  thermal  signature*.  Arrive  thermal  targets  may. 
however,  show  up  mote  dearly  in  tltrse  r  neumsiamrs. 

2-4A  RAIN 

kain  is  a  sigmfit  ant  srattrrei  in  tire  visible,  the t  mat. 
amt  mmw  was-clengrh  tvgtons.  I )e| warding  on  the  tain- 
fall  rate,  the  intensity  of  a  rain  ran  be  ilest  t  ibed  as  heavy, 
moderate,  tu  light  as  shown  in  Fable  2-6.  Kain  jKirtu  le 
sires  range  from  about  100  pm  tor  dr  rule  to  several  mm 
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in  thunderstorms.  They  are  large  enough  compared  to 
v  isible  and  IR  wavelengths  that  scattering  due  to  rain  is 
relatively  insensitive  to  wavelength  in  the  visible  and 


IR  regions. 

TABLE  2-6 

RAIN  RATE  TABLE  (Ref.  4) 

RAIN 

INTENSITY 

RAIN  RATE 

Heavy 

More  than  7.7  mm  per  h 

More  than  0.77  mm  in  6  min 

Moderate 

2.5  to  7.7  mm  per  h 

0.25  to  0.77  mm  in  6  min 

Light 

Less  than  2.5  mm  per  h 

Maximum  0.25  mm  in  6  min 

Visible  and  IK  attenuation  through  rain  may  be  cal¬ 
culated  using  only  rain  rate  and  rain  particle  swedisti  i- 
bution  (dri/;le,  widespread  rain,  or  thunderstorm)  (Ref. 
10).  At  millimeter  wavelengths,  rain  is  an  Miescatterer. 
and  the  scattering  is  strongly  dependent  on  raindrop 
sire  distribution.  Drizzle  produces  relatively  larger 
mmw  extinction  coefficients  (for  a  given  rain  rate)  and 
the  highest  Iki»  kst alter  coeffit  iett's.  Surprisingly,  thun¬ 
derstorms  have  the  smaller  relative  mmw  extinction 
t  oeffit  ients  with  respect  to  rain  rate  because  of  the  pre¬ 
dominance  of  large  drop  sizes. 

Rain  may  also  change  the  apparent  target  signature 
by  t  hanging  the  target  surface  reflec  tance  characteris¬ 
tics  (for  (tussive  visual  sensors  or  active  illuminators; 
and  by  "washing  out"  the  lempeiatuie differences  itt  a 
thermal  scene. 

2-4.4  SNOW 

Snow  is .»  significant  statterei  fen  visible.  IR.  ami 
mmw  radiation.  In  the  visible  and  IR  ngiom,  snow 
(mi  itcle  sizes  ate  hum  It  target  titan  the  wavelength,  so 
extint  (ton  due  to  snow  tan  be  scaled  to  visibility 
through  the  snow,  At  high  relative  hutoindv 
however,  log  may  form  with  the  snow.  In  this  case*, 
thermal  cxttnc  turn  m  snow  tle| rends  not  onlv  on  vtsibil- 
itv  but  also  on  tnn|ieruiute  and  telanvr  humidity 

Data  on  mmw  extinction  ami  backstaitet  in  snow  are 
very  11111111x1.  Extinction  de|tettds  on  snow  tutr  anti  tin 
snow  patiit  lr  size  dtstr ibntion. Current  nuxtrls  use  rain 
equivalent  snow  talc  ami  snow  wetness  (based  on 
icin|ieruitirr)  to  establish  extinction  and  Ixtrkw.Mirt 
cneflit ients  leu  snow  (Ref.  tO). 

2-4.5  BLOWING  DUST 

Blowing  dust  and  sand  may  become  siguifit  im  in 
miming  irartsuntiam  e  or  denying  an  I  .OS  in  Ira  ation* 


with  heavy  wind;  loose,  dry  soil;  and  little  or  no  vegeta¬ 
tive  cover.  Airborne  dust  scatters  visible,  near  IR,  and 
thermal  radiation.  The  scattering  shows  little  spectral 
sensitivity  in  the  visible  and  near  IR  bands  because  of 
the  relatively  broad  particle  size  distribution;  transmit- 
tances  losses  in  the  termal  bands  are  slightly  lower  than 
in  the  visible  and  may  show  some  spectral  dependence. 
Blowing  dust  is  not  a  significant  obscurant  to  mmw 
systems. 

2-5  BATTLEFIELD  OBSCURANTS 

The  sensor  used  on  the  battlefield  will  have  to  operate 
in  the  presence  of  battlefield-induced  contaminants  in 
addition  to  naturally  occurring  atmospheric  obscur¬ 
ants.  These  obscurants  include  countermeasure  smokes, 
vehicle-  and  munition-generated  dust,  and  fire  prod¬ 
ucts.  The  effect  of  an  obscurant  on  sensor  performance 
will  depend  on  the  obscurant,  the  sensor,  the  environ¬ 
mental  conditions,  and  the  way  it  is  deployed.  Battle¬ 
field  obscurants  cause  extinction,  contrast  reduction. 
LOS  interruptions,  and  an  increase  in  >  hitter  or  false 
targets. 

Battlefield-induced  contaminants  are  described  quali¬ 
tatively  in  this  paragraph.  Parameters  used  for  labora¬ 
tory  and  field  characterization  of  smoke  effectiveness 
are  defined  in  pars.  2-6  and  2-7.  t  he  effec  ts  of  meteoro¬ 
logical  conditions  and  environmental  factors  on  obscur¬ 
ant  generation  and  transport  are  treated  in  pars.  2-8  and 
2-9. 

2-5.1  SMOKES  AND  OBSCURATION 
MATERIALS 

Smoke  may  be  employed  on  the  battlefield  for  both 
offensive  and  defensive  actions.  Smoke  has  five  general 
applications  on  the  battlefield;  obscuration,  screening, 
detrptinn,  identification,  and  signaling. 

'  ‘Obscurat  ion  smoke  is  smoke  employed  on  or  against 
the  enemy  to  degrade  his  vision  both  within  and  beyond 
his  location.  Smoke  delivered  on  an  enemy  antitank 
guided  missile  (A  K*M)  (rosition  may  prevent  the  sys¬ 
tem  from  acquiring  or  subsequently  making  targets, 
thereby  reducing  its  effectiveness.  Employment  of  ob- 
sc  uration  smoke  on  an  attacking  armored  force  may 
c  ause  it  to  vary  its  speed,  inadvertently  c  hange  its  axis  of 
advance,  deploy  prematurely,  ami  rely  on  nonvisual 
means  of  command  and  control. 

"Sc  reening  smoke  is  smoke  employed  in  Iriendly 
operational  areas  or  in  areas  between  friendly  and 
enemy  fortrv  in  ordet  to  degrade  enemy  ground  and 
aerial  observation,  and  defeat  or  degrade  enemy  electro- 
optical  systems.  Screening  smoke  is  employed  to  con¬ 
tra)  ground  maneuver,  breathing  and  recovery  opera¬ 
tions,  key  assembly  areas,  and  supply  routes. 

Deception  smoke  is  smoke  used  to  deceive  the  enemy 
regarding  intentions  of  US  Army  forces.  For  example. 
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smoke  can  be  employed  on  several  avenues  of  approach 
to  deceive  the  enemy  as  to  the  avenue  of  the  main  attack. 

"Identification  and/or  signaling  smoke  is  smoke 
employed  to  identify  targets,  supply  and  evacuation 
points,  friendly  unit  positions,  and  to  provide  for  pre¬ 
arranged  battlefield  communications."  (Ref.  11). 

Table  2-7  summarizes  the  materiel  available  for 
armored  vehicle  protection,  obscuration,  and  area 
screening. 


TABLE  2-7 

SMOKE  APPLICATIONS  AND  MATERIALS 


APPLICATION 

MATERIEL 

SMOKE 

MATERIALS 

Armored  Vehicle 

Grenades 

HC.  WP,  RP»* 

Protection 

VEESS* 

Diesel  Oil 

Obscuration 

Artillery 

Mortars 

Rockets 

WP.  HC 

WP.  RP 

WP 

Screening 

Generators 

Pots 

Fog  Oil 

HC.  Fog  Oil 

•Vehicle  Engine  Exhaust  Smoke  System 
••Red  Phosphorous 


Threat  concepts,  materiel,  and  materials  are  simitar 
to  those  of  the  I’S  inventory.  Soviet  doctrine  refers  to 
camouflage  and  blinding  smoke  in  place  of  out  terms  of 
area  screening  and  obscutation. 


Smoke  clouds  last  from  minutes  to  hours  depending 
upon  the  material  used  for  dissemination.  Submuni¬ 
tioned  WP  projectiles,  such  as  the  M825  155-mm 
artillery  round  and  the  M259  2.75-in.  rocket,  spread  the 
smoke-producing  submunitions  over  an  impact  area; 
they  burn  for  several  minutes. 

Dense  clouds  of  phosphorous  smoke  are  produced  for 
self-protection  by  grenades  discharged  from  an  arma¬ 
ment  subsystem  integrated  into  armored  fighting  vehi¬ 
cles.  These  rapidly  generated  clouds,  which  may  last  for 
several  minutes,  may  be  supplemented  by  diesel  oil 
smoke  produced  from  the  integral  Vehicle  Engine 
Exhaust  Smoke  System  (VEESS).  The  VEESS  may  be 
operated  as  long  as  the  vehicle  has  fuel. 

Materiel  designed  to  produce  smoke  coverage  in 
friendly  areas  include  smoke  pots  and  generators. 
Depending  on  their  size  and  local  conditions,  smoke 
pots  produce  HC  (M5,  Ml )  or  fog  oil  (M7)  smoke  for  up 
to  20  min  and  provide  downwind  coverages  of  up  to 
500  m.  Large  area  generators  (M3A5)  can  be  run  as  long 
as  smoke-producing  material  is  provided,  and  they  pro¬ 
vide  downwind  coverages  of  several  kilometers. 

The  development,  transport,  and  dissipation  of  a 
smoke  cloud  is  strongly  affected  by  the  munition,  the 
placement  of  it,  and  environmental  conditions.  Explo¬ 
sively  disseminated  smokes  evolve  in  the  same  phases  as 
HE-dust  (see  par.  2*5.2).  This  development  is  illustrated 
in  Fig.  2-7.  Nonexplosively  disseminated  smoke  clouds 
evolve  in  three  phases:  the  streamer  and  buildup  phase, 
uniform  phase,  and  terminal  phase.  In  the  lirst  phase,  a 
streamer  of  smoke  is  formed  from  the  smoke  soutt  eand 


Figure  2*7.  Smoke  Screen— Effective  Length  and  Smoke  Phases  (Ref.  5) 
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exists  alone  before  diffusing  to  merge  with  other  stream¬ 
ers.  The  diffusion  depends  on  atmospheric  stability  and 
wind  speed.  Buildup  occurs  when  streamers  overlap, 
but  the  smoke  is  not  uniformly  distributed.  In  the  uni¬ 
form  phase  the  size  of  the  screened  area  is  determined  by 
the  smoke  output  of  each  source,  the  relative  placement, 
and  local  meteorological  conditions.  Finally,  in  the 
terminal  phase  the  smoke  is  diffused  so  much  that  it  is 
not  an  effective  screen. 

The  effectiveness  of  a  smoke  cloud  in  screening  a 
particular  position  will  depend  not  only  on  the  amount 
of  smoke  between  the  sensor  and  the  target  but  also  on 
the  extinction  characteristics  of  that  smoke  in  the  sensor 
spectral  band.  Current  inventory  smokes  are  more  effec¬ 
tive  in  the  visible  than  in  the  IR  bands;  they  have 
negligible  im|iact  on  mmw  sensors. 

The  discussion  on  smoke  has  addressed  primarily  the 
use  of  smokes  in  reducing  atmospheric  transmittance. 
Smokes  may  also  contribute  to  sensor  performanc  e  deg¬ 
radation  thtough  contrast  reduction  from  scattering  of 
ambient  light  by  the  smoke  partic  les  or  hac  kscatteriug 
of  laset  illuminator  radiation.  Exothermic  smokes  also 
reduce  thermal  contrast,  increase  thermal  i  hitter,  and 
may  appear  as  false  targets. 

2  5.2  DUST  (MUNITION  AND  VEHICLE 
PRODUCED) 

Airborne  battlefield  dust  may  Ire  produced  by  %  elite  u- 
lar  traffic  or  by  din  raised  by  immiciom  impact.  lire 
amount  of  dirt  raised  by  vehicular  traffic  will  tlq>cml  on 
the  soil  dryness  and  vegetative  c  over,  the  typeol  vehic  le. 
and  the  vehic  ulat  speed,  lire  a  monte  >1  dust  produced 
by  munition  brings  will  be  determined  by  the  type  of 
soil,  soil  moisture,  and  vegr  tan  set  over,  as  well  as  by  rhe 
munition  type,  fill  weight,  and  point  of  detonation. 
(Ire  spread  of  (be  dust  will  clt-jw-ml  on  local  metcorolog- 
t»  a  I  conditions,  panic  olaity  on  wind  speed  ami  atnrns- 
plreric  stability,  lire  insistence  of  lire  dust  will  be 
tleieiminrd  in  part  by  tire  dust  particle  sire.  Gravita¬ 
tional  settling  will  limit  the  duration  til  dust  clouds 
com|>osrd  «»l  larger  panic  les,  but  very  smalt  dust  parti¬ 
cles  may  stay  aloft  (ot  long  periods  of  time. 

fire  I  (F- produced  dust  t  loud  develops  and  dissipates 
in  three  stages;  itttpm  t  phase-,  rise  phase,  ami  drift  ami 
dissi|>aiion  j  durst  lire  generation,  diffusion,  and  trans¬ 
port  id  a  munition-generated  dust  cloud  are  drown  in 
Fig.  2- It  In  tire  initial  phase,  a  crater  is  (armed  by  the 
munition  impact,  and  berth  dust  ami  large  chunks  id 
debris  may  Ire  tufted.  A  hot  dust -and-f ire  ball  several 
meters  a<  tm*.  containing  most  of  the  dust  ami  debris,  is 
lormed  t  lose  in  ifw*  surface.  A  dust  skirt  6- 10  m  wide  and 
I  -3  m  high*  is  also  loomed.  In  the  rise  phase-,  the  dust- 
and-luc  ball  ex|sands  ami  rises  cpiukly  to  10-30  m  in 
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Figure  2*8.  Munition  Dust  Good  Impart, 
Rise,  and  Drift  and  Dissipation  Phase 
(Ref.  5) 
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height  because  of  its  thermal  buoyancy.  The  large 
debris  settles  out  quickly.  The  dust  skirt  diffuses  but 
does  not  rise.  Finally,  the  dust  cloud,  blown  by  the 
wind,  drifts  and  dissipates.  The  dust  skirt  usually  drifts 
more  slowly  than  the  cloud  because  wind  speed  tends  to 
be  lower  near  the  ground  (Ref.  5). 

Airborne  dust  scatters  visible  and  IR  radiation;  gen¬ 
erally,  the  extinction  is  not  spectrally  dependent  because 
of  the  wide  distribution  of  particle  sizes.  Battlefield 
vehicular  dust  may  indicate  troop  movement  while 
obscuring  the  details  of  that  movement.  Vehicular  dust 
can  sometimes  greatly  enhance  detection  of  vehicular 
traffic  by  cuing  the  target  location.  However,  dust  can 
obscure  detection  and  recognition  of  targets  within  the 
dust  clouds.  Vehicular  and  HE-generated  dust  may  thus 
degrade  the  performance  of  EO  sensors  and  may  deny 
continued  iock-on  of  precision  guided  munitions. 
Munitions  salvos  may  be  used  deliberately  to  blind 
artillery  observation  points.  HE-generated  fireballs 
also  introduce  visible  and  thermal  clutter.  The  large, 
lofted  debris  may  obscure  the  LOS  for  mm w  systems  for 
several  seconds;  the  smaller  airborne  dust  particles  do 
not  obscure  mmw  sensors. 

2-5,3  FIRES  AND  FIRE  PRODUCTS 

Fires  on  the  battlefield  may  be  deliberately  set  or  may 
be  the  result  of  burning  vehicles  or  burning  vegetation. 
Fire  product  constituents  include  burning  gases  and 
carbon  particles.  These  (ire  prtxiucts  may  cause  trans¬ 
mittance  lenses,  scattering,  and  sensor  LOS  interrup¬ 
tions.  Carbon,  in  particular,  is  an  ext  client  attenuator 
of  electromagnetic  radiation.  The  illumination  Irom 
(ires  may  temporarily  blind  image  intenstfietx.  In  the 
thermal  band,  (ires  introduce  thermal  clutter  and  false 
targets.  Thermal  gradients  due  to  heating  b>  the  (ite 
also  cause  turbulence.  Fire-induced  turbulent e  may 
allect  the  image  quality  ol  visible  and  thermal  systems 
and  may  diffuse  radiation  Irom  active  laser  and  mmw 
systems. 

2-6  AEROSOL  PARAMETERS 

Hat  (Id  irk! -induced  contaminants  are  described  by 
two  sets  of  parameters  The  aerosol  parameict*  ddined 
tn  this  paragraph  are  used  as  a  baseline  lot  predicting 
the  dies  ts  of  an  obscurant  in  the  bait  lei ir  Id  atmosphere. 
Battlefield -induced  obscuration  parameters  ate 
described  in  par.  2-7. 

2-6.1  SIZE  DISTRIBUTION  AND 
CONCENTRATION 

Thr  panicle  site  distribution  of  an  aerosol  is  the 
number  density  or  mass  density  of  aerosol  particles  as  a 
function  of  panic  le  radius.  The  panicle  size  ol  an  aero¬ 
sol  is  critical  in  determining  its  spectral  efficiency  as  a 
scanner  as  discussed  in  par.  2-3.1.  A  spherical  aetosol 


has  the  highest  scattering  efficiency  (Mie  cross  section 
about  four  times  the  geometric  cross  section)  if  the 
particle  radius  is  approximately  the  same  as  the  wave¬ 
length  of  the  radiation.  The  scattering  efficiency  drops 
to  2  if  the  wavelength  is  much  smaller  than  the  particle 
size;  it  drops  as  (particle  volume)2X'4  if  the  particle  size 
is  much  smaller  than  the  wavelength. 

The  masu  concentration  of  an  obscurant  is  simply  a 
measure  of  the  mass  of  an  obscurant  in  a  given  volume. 
An  aerosol  is  the  most  effective  scatterer  at  a  given 
wavelength  if  it  is  present  in  high  concentration  and  if 
most  of  its  mass  is  in  particles  with  a  radius  approxi¬ 
mately  the  same  as  the  radiation  wavelength. 

2-6.2  COMPOSITION,  SHAPE,  AND  INDEX 
OF  REFRACTION 

The  effectiveness  of  an  aerosol  as  an  attenuator  is 
determined  in  part  by  the  index  of  refraction  of  the 
aerosol.  The  complex  index  of  refraction  m(X)  of  an 
obscurant  at  wavelength  X  may  be  represented  by  real 
and  imaginary  parts 

m( A)  =  n(A)  -  in, (A),  dimensionless  (2-16) 

where 

u(X)  =  real  part  of  the  index  of  refraction, 
dimensionless 

m.(X)  =  imaginerv  pari  of  thr  index  ol  refrac¬ 
tion.  dtmensionlrss. 

I  hr  index  of  refraction  ol  an  aerosol  is  determined  by 
its  composition.  The  effertivrness  of  at?  aerosol  as  a 
sc  anerer  is  deter  mured  by  the  magnitude  ol  thr  real  part 
of  the  index  of  ref  rat  lion.  Itsrffrc  tiveness  as  an  absorber 
is  determined  by  the  magnitude  of  the  imaginary  |»at  t  ol 
the  rrfrac  tier  index 

lltr  shape  ol  a  particle  will  determine  its  ellrt live¬ 
ness  as  a  btoadhantl  attenuator  t  he  best  broadband 
attenuators  are  conducting  panicles  with  high  aspect 
(length-io- width)  ratios  (Ref.  12). 

2-7  BATTLEFIELD-INDUCED 

CONTAMINANT  PARAMETERS 

This  paragraph  defines  and  discusses  parameters 
used  to  specify  the  amount  of  obscurant  in  tire  battle¬ 
field  atmosphere  and  tocaleulatr  the  transmittance  ol 
radiation  through  the  obscurant.  These  parameters arr 
mast  extinc  tion  cueffic  init.  concentration  path  length 
product,  yield  lac  tor.  and  burn  rate. 

2-7.1  MASS  EXTINCTION  COEFFICIENT 
AND  CONCENTRATION  PATH 
LENGTH 

The  mass  extinction  coriftcirni  «(X)  u  defined  as 
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a(\)  =  m2/S  (2-17) 

where 

a  =  geometric  cross  section  of  particle,  m- 
Q  =  extinction  efficiency,  dimensionless 
M  =  mass  of  the  particle,  g. 

The  inner  brackets  represent  an  average  over  solid 
angle,  and  the  outer  brac  kets  represent  an  average  over 
the  particle  mass  si/e  distribution.  Obscurant  mass 
extinction  coefficients  may  exhibit  a  strong  spectn^ 
dependence.  The  concentration  path  length  product 
(Cl.)  of  an  obscurant  is  the  amount  of  obscurant  con¬ 
tained  in  a  path  of  length  /.  through  an  obscurant  of 
known  concentration.  For  nonuniforin  obscurants  dis¬ 
tributed  ovet  a  | Kith  from  r,  to  r> 

CL  =  //'Y(r)  <//.  g  in2  (2-18) 

i 

where 

f.'(r)  =  concentration  at  point  r.  g  in*. 

Transmittance  7\(A;  through  the  obscurant  is  calcu¬ 
lated  by 

T%( A)  =  f  dimensionless.  (2-19) 


2-7.2  YIELD  FACTOR  AND  BURN  RATE 

The  mass  ol  obsc  urant  aerosol  AIJ  dissetttinatetl  by  a 
munition  is  determined  from 

M:  =  V/AU/,  g  (2-20) 

whrte 

Af«  -  truss  of  aerosol  in  munition,  g 
Fi/  =  efficients  with  which  aerosol  is  dissemi¬ 
nated.  dimensionless 
IV  =  yield  far  tew.  dimensionless. 

lire  yield  lac  tor  is  Used  to  account  lot  the  growth  id 
hygroscopic  aerosol  panic les  in  tire  atmosphere  by 
alrsorptiott  ttf  atmospheric  water  sapor.  For  these 
sittokrs  the  yield  factor  imtrasrs  with  increasing  rela¬ 
tive  humidity.  For  HC  smokes  the  yield  fat  to*  at  10% 
relative  humidity  is  1.5  and  increases  to  5.5  at  90% 
relative  humidity.  The  yield  (at  tot  (or  VVt*  goes  (tom  3.5 
to  about  8  over  the  same  range.  The  yield  (ac  tor  lot  log 
ml  is  1.0  {Ref.  10). 

The  burn  rate,  ot  mass  production  rate,  ol  obscurant 
smokes  is  the  rate  of  delivery  ol  the  munition  (ill  mass 
into  the  atmosphere.  Munitions  with  lower  burn  rates 
usually  trsuli  in  cooler  smokes  with  less  buoyant  rise; 
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these  smokes  stay  closer  to  the  ground  and  provide 
better  protection  to  ground  targets. 

2-8  METEOROLOGICAL 
PARAMETERS 

Meteorological  measurements  are  routinely  made  at 
military  and  civilian  weather  stations.  Hourly  records 
of  meteorological  data,  taken  over  a  period  of  several 
years,  are  available  for  many  locations.  Standard  meteor¬ 
ological  measurables  are  defined  in  par.  2-8.1.  Atmos¬ 
pheric  stability  and  turbulence— parameters  derived 
from  meteorological  data— are  discussed  in  par.  2-8.2. 

2-8.1  METEOROLOGICAL  MEASURABLES 

Standard  meteorological  measurables  include  air 
temperature,  dew  point,  depression,  visibility,  atmos¬ 
pheric  pressure,  wind  speed,  wind  direction,  precipita¬ 
tion,  and  cloud  cover. 

Air  temperature  is  the  ground  level  dry  bulb  air 
temperature.  Dew  point  is  the  temperature  to  which  a 
given  iKircel  of  air  must  be  cooled  at  constant  pressure 
and  water  vapor  content  in  order  for  saturation  to 
occur;  any  further  tooling  results  in  the  (urination  of 
dew  or  frost.  Dew  point  depression  is  the  difference 
between  air  temperature  and  dew  point-  Ground  level 
atmospheric  pressure  is  the  f  rcc  per  unit  area  applied 
at  the  ground  by  the  column  of  air  above  it.  It  is  reported 
in  mbar.  Visibility  is  the  distance  at  which  it  is  just 
possible  to  distinguish  a  high  contrast  object  against 
the  background  with  the  unaided  eye;  it  is  usually  taken 
as  the  distance  over  which  the  0. 1-0.7  gm  atmospheric 
transmittance  is  0.02.  Visibility  iscstimated  by  sighting 
to  landmarks  at  known  distances.  Relative  humidity, 
required  to  establish  the  yield  (actor  ol  hygroscopic 
smokes,  is  established  from  air  temperature  and  dew 
point. 

Atmospheric  transmttiante  at  wavelengths  from 
ultraviolet  to  mmw  may  br  calculated  directly  from 
met  rot  illogical  observables  using  standard  at- 
mospltrric  codes,  such  as  thosr  drst-loped  by  the  Air 
Force  Geophysics  laboratory  tRrfs.  I  and  13).  These 
t  tales  require  as  input  the  air  temperature,  pressure, 
dew  point  or  relative  humidity,  and  visibility,  as  well  as 
parameters  defining  the  atmospheric  path  geometry  . 

At  specialized  meteorological  stations,  atmasplreric 
transmittance  has  been  measured  at  selected  wave¬ 
lengths.  The  atmospheric  ratine  lion  corllicirnt  at  these 
selec  ted  wavelengths  may  br  derived  directly  as  shown 
in  par.  2-3.3. 

2-8.2  STABILITY  CATEGORY 

Patquill  category,  or  atmospheric  stability  category, 
it  a  measure  ol  the  rate  u(  vertical  spread  from  an  obscu¬ 
rant  source.  The  atmosphere  is  characterized  as  unsta¬ 
ble  (Pasquill  C  ttrgorirs  A  and  B).  neutral  (C  and  D).  or 
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stable  (E  and  F).  Pasquill  category  may  be  estimated 
from  cloud  cover,  w  ind  speed,  and  sun  angle  (Ref.  14). 

Unstable  (lapse)  conditions  are  characterized  by  sig¬ 
nificant  turbulence  and  a  decrease  in  air  temperature 
with  height.  Lapse  conditions  occur  with  high  insola¬ 
tion  and  light  winds,  such  as  exist  at  midday  on  a  clear , 
sunny  day  with  light  winds.  Stable  (inversion)  condi¬ 
tions  are  present  when  there  is  an  increase  of  tempera¬ 
ture  with  increasing  height.  Inversions  occur  on  clear 
nights  or  on  cloudy  days  when  wind  speed  is  low  and 
the  air  at  ground  level  has  been  cooled  by  contact  with 
the  cooler  earth.  Increasing  winds  drive  the  atmosphere 
toward  neutral  conditions,  with  no  vertical  tempera¬ 
ture  gradient  near  ground  level.  Neutral  conditions  are 
usually  found  near  sunrise  or  sunset. 

2-8.3  MECHANICAL  TURBULENCE 

Atmospheric  turbulence  causes  small  local  fluctua¬ 
tions  in  wind  speed  and  wind  direction,  which  in  turn 
cause  the  entrainment  of  air  in  the  obscurant  cloud. 
After  the  initial  buoyant  rise  of  a  smoke  or  munition 
cloud,  dilution  and  dissipation  of  the  obscurant  are  due 
almost  entirely  to  local  turbulence  effects.  The  time- 
varying  nature  of  this  turbulence  may  cause  local  non¬ 
uniformities  in  the  cloud,  and  in  some  cases  it  results  in 
the  appearance  of  thin  areas  or  “holes",  whit  h  permit  a 
temporary  LOS  through  an  obsc  tiling  t  loud.  The  effect 
is  particularly  strong  in  HE-geuerated  dust  clouds, 
which  also  have  a  turbulent  contribution  from  the 
initial  rxplnsiuo.  Strong  turbulence  in  an  HE  cloud 
can  degrade  mimv  signals  even  though  the  dust  itself 
has  only  a  minor  effect  on  the  mnnv  tadiatton. 

2-9  EFFECTS  OF  ENVIRONMENTAL 
FACTORS  ON  BATTLEFIELD- 
INDUCED  CONTAMINANTS 

Thr  transport  and  diffusion  id  olmmaitt  clouds 
deiwml  strongly  on  local  environmental  conditions, 
including  atmospheric  stability  (Pascptill  category), 
wind  speed,  wind  direction,  humidity  and  letnprtaturr. 
and  terrain,  lliese  ef  fee  is  are  dev  ribed  qualitatisrh  in 
the  paragraphs  that  follow. 

2-9. 1  TRANSPORT  AND  DIFFUSION 

Atmospheric  stability,  wind  speed,  and  wind  direr  • 
tion  are  strong  influences  on  dust  and  smoke  cloud 
development,  diffusion,  and  dissipation.  In  turbulent, 
unstable  c  onditions.  obscurant  c  loutls  will  rise  rapidly 
because  of  the  thermal  gradient  with  altitude  and  will 
diffuse  rapidly  because  of  turbulence -induced  au  en¬ 
trainment.  in  very  stable  conditions  obwuiant  clouds 
will  tend  to  remain  at  tire  same  altitude  and  dissipate 
slowly,  although  exothermic  smokes  and  munition- 
generated  clouds  will  exhibit  an  initial  buoyant  rise.  In 


neutral  conditions,  the  obscurant  cloud  will  rise  slowly. 
Fig.  2-9  shows  the  effect  of  atmospheric  stability  in  the 
development  of  a  smoke  cloud.  Dust  cloud  develop¬ 
ment  in  lapse  and  stable  atmospheric  conditions  is 
illustrated  in  Fig.  2-10.  Stable  to  neutral  conditions  are 
most  favorable  for  the  production  of  area  smoke  screens. 
Neutral  to  lapse  conditions  are  favorable  for  the  pro¬ 
duction  of  smoke  curtains. 

Obscurant  clouds  move  in  the  direction  of  the  wind  at 
the  prevailing  wind  speed  while  diffusing  in  altitude 
and  width.  The  top  portion  of  the  cloud  will  tend  to 
drift  slightly  faster  than  the  skirt  because  of  a  wind 
gradient  with  altitude.  High  wind  speeds  cause  the 
obscurant  todrift  rapidly  and  diffuse  more  quickly;  this 


(A)  Stable  Conditions 


(B)  Neutral  Conditions 


(C)  lapse  Conditions 


Figure  2*9.  Atmospheric  Stability  Effect  on 
Smoke  Cloud  Development  (Ref.  5) 
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Low-Lying  Inversion 


(B)  Stable  Conditions 


Figure  2*10.  Atmospheric  Stability  Effect  on  HE- One  rated  Dust  Cloud  Development  (Ref.  5) 


trdote*  obuutatton  time.  Nfrthaniial  turbulence  (tr¬ 
aced  by  local  wind  »|>ml  fluctuation  will  cautr  tem¬ 
poral  ami  tpaiial  variation*  in  obuutant  drmity.  cm  h 
a%  rddir*  and  holm  in  the  cloud.  Wind  (litre non  and 
wind  speed  mud  br  cnmidrtrd  in  determining  the 
placement  u(  an  obuutant  cloud  to  make  mte  «hjt  thr 
windblown  obv  utani  will  terren  thr  target  ami  not  br 
blown  out  of  the  I. Ob.  Thi*  ii  indicated  in  Fig.  2-11. 

2-9.2  HUMIDITY  AND  TEMPERATURE 

I  tumidity  and  irmprraiute  rllnuon  obuutant  c  loud 
development  and  dittipation  haw  brm  mentioned 
briefly.  ihr  yield  latim  of  hygtoMopu  tinokrv  in  a 
Mtnng  I  urn  tion  of  trlatiw  humidity  a*  dm  uurd  in 
(Mt  2-7.2.  Iltrim  traced  «irr of  tbcv\mokr  pactidrtin 
h  ..It  humidity  mvitunmnm  im  truer*  thru  *t  altering 
rflrtuvme**.  Itowrm.  thr  mateexiir  ctimt  tudluimt 


t*  xlightlv  trdm  rd  became  thr  index  of  refraction  of  the 
onokr  change**  a*  the  water  tonirm  ol  the  unokr  n 
tncrra*rd. 

Attmnphetit  temperature  profile*  atr  urong  deter¬ 
minant*  of  onokr  <  torn!  development  ami  (tampon 
became  of  thet;  impac  t  on  attno*pftrric  viability  an  dtv 
turn'd  in  pate.  2-8.2  amt  2-9.1.  In  addition,  thr  turbu¬ 
lence  i mimed  b>  local  temperature  Hmtuatioto  in- 
m-a*c*  mixing  and  dinipatiott  of  thr  obwuntnt. 

2-9.5  TERRAIN 

The  dint*  of  tmain  atr  similar  lot  ilE-groetatrd 
dint,  vehicular  duct,  ami  onokr  cloud*.  flown ct. 
imain-induced  variatiom  in  wind  iprrd  and  dimtiem 
will  clearly  affect  olmutant  cloud  ttatnpurt.  11k 
itnpac  t  oi  tmain  on  smoke  it  tmall  although  tough 
iTgnaiiw  gtowth  will  slow  the  oampiMt  of  the  bur  of 


2-20 


DOD-HDBK-178(ER) 


Forward  Observer 


t 

Wind  I 


Maneuver  Element 


Maneuver -Target  Line 

Smoke  Source 

(A)  Wind  Across  Maneuver-Target  Line 


Forward  Ob.  ver 


(B)  Wind  Along  Maneuver-Target  Line 


Figure  2-11.  Effect  of  Prevailing  Wind  on  Smoke  Placement  and  Diffusion  (Ref.  5) 


the  thud.  Soil  type,  tmiitlute  toman,  ami  vegetative 
rover  are  much  morr  important  in  duo  timid  genera¬ 
tion  D»y  rlay  ami  tilty  toil*  will  prudut  r  mote  airborne 
dii*t  than  tandy  vtilv  wet  toilt  produce  lew  dntt  than 
dtv  tine*.  Vegetative  rover  ot  heavy  *od  trdutrt  thr 
amount  ol  dun  prodmrd  In  general,  dual  from  dry  tilts 


•  *»  t  lay  tmltobv  urevtnotr  in  the  voibletegion  titan  thr 
JR  region,  whrtrat  taody  or  wet  toil  put  tit  let  may  hr 
better  IRobtturantt.  Millimeter  wave  trntot  f.OSmay 
be  immupted  lot  teveral  tetondt  by  the  debti*  genet- 
atetl  by  11(1  munitiont;  wet  toil « Ituitkt  ate  motr  el  in  • 
live  than  dry  onet  againtt  tnttttv  tenttirt. 
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CHAPTER  3 

PROPERTIES  AND  FREQUENCY  OF  OCCURRENCE  OF 
NATURAL  OBSCURATION  FACTORS 


This  chapter  explains  how  to  estimate  natural  obscuration  factors,  such  as  atmospheric  transmittance 
and  extinction  coefficients.  It  also  provides  data  that  enable  the  user  to  characterize  quantitatively  the 
natural  atmosphere  for  systems  performance  calculations.  This  information  is  provided  for  four  different 
types  of  climate— temperate,  tropical,  desert,  and  northern— as  represented  by  the  European  highlands. 
Central  America,  the  Mideast  desert,  and  Scandinavia,  respectively. 


3-0  UST  OF  SYMBOLS 

a.b  =  rain  extinction  |iarumeters,  dimension¬ 
less 

CL  —  «on(rtm.it ion  path  length  ptodnt  t.  g  rn? 
=  index  ol  rdiar  lion  stiur  ton-  comtant,  in  ' 1 

t  .d  =  snow  extitwtion  parameters.  dimension- 
less 

i)  =  eilreiivc  laser  aperture  diameter,  in 
IK  ~  beam  wander,  in 
IK,  -  beam  wander  when  />  r0<  .1.  m 
IK;  '•*  beam  wander  w  hen  1)  r»  >  m 
L  =  tllummamr,  hn  m; 
f  (oral  length,  m 

lm  -  iinagittatv  part  til  btarkoted  e\|»tcsv|on. 
dimensionless 

miKi  ~  dimples  index  o(  teitartion.  dnnensroli> 
less 

It  *  path  Ictigd’  HI  «»*  Wm 
HU  »  relative  Inn  ilnv.t 
r  s  ram  raie.  mm  h 
i«  -  >  ohrteme  length,  in 
r.  =  ram  rrpnsalmi  snow  rate,  mm  It 
Sj  “  lnngtnin  Srtrhl  ruiin.  diUM'ttstoidrss 
S.  =  shott-tetm  Siteltl  ratio,  dtinenstmtli ss 
s.i  3  slum-term  Sitehl  ratio  when  I)  r«  < 
dimensionless 

\.;  «  short-term  Strehl  ratio  when  /)  r«  >  .1. 
dmtmstonirss 
/  -  trmprtatutr.  ’(■ 

Ti At  3  ttansmitiaiue.  dimensionless 
Tjkt  *  aimosptirtN  uatixnuiutwctuitstdrrtng 
only  aerosol  extmr non.  dimensionless 
Tjki  ®  ttansmitiaiue  through  dim.  dimeminit- 
less 

T+tk,  -  aniHwpJreru  uansmiiiatue  otostderutg 
milt  ttudesulat  esiiiu  lion,  dimension- 
less 


TfIK)  =  atmospheric  transmittance  considering 
only  precipitation,  dimensionless 
Tjk>  —  transmittance  through  smoke,  dimen¬ 
sionless 

I*  =  visibility,  km 

u<  =  liquid  water  content,  g  in' 

7.  -  mass  loading,  g  in 1 
oj iKi  =  dust  mass extinction  tnrduirnt  (or  any 
wavelength  k.  m;  g 

yjki  ~  aerosol  volume extitu linn  inellirient  lot 
any  wavelength  X.  km  ‘ 

7«i(l.0ht  -  aerosol  extirn  tiott  ioedir tent  when  l‘> 
O.li  km.  km  1 

y„,Hl.0t»!  =  aerosol rxtimttou  torHuteni  when  l‘S 
O  b  km.  km  1 

ymlk i  =  molmtlat  volume  rxtitu turn  iorHi«  tent 
(or  am  wavelength  A.  km  1 
VAi  s  |»ei tpitatuitl  volumr  rxtttuiioo  orrlli- 
« uni  lot  am  wavelength  A.  km  1 
y*aAi  -  |t*et  ipttattott  volume exiimtum  i  oellt- 
i  tent  lot  rain  at  am  wavelength  A.  km 
y^j A-  “  pter  tptiaiion  snlnine  exitruiton  lorlh- 
rteni  (or  tlriulr  at  am  wavelength  A. 
km  '' 

»a A «  -  |Nrs  tptiaiion  volume  rstnuium  »or(h> 

•  tent  lm  thniulrrstmins  at  am  wave¬ 
length  A.  km  ’ 

yr*<kt  »  jnev  tpiiaiton  vrdume  rstnuium  uirili- 
dent  lm  uiilts|nrati  ram  at  anv  wave- 
Imgih  A.  km  1 

ytjk>  =  ptenpnattoo  vohunr  rstnutum  rurlh- 
dent  lot  snow  jt  alts  wavelength  A.  kin 
A  =  wavelettgih.  gin 
p  —  absolute  liuinultiv.  g  m* 

0  *  statuLml  (k-v  ration,  ihuienstonless 
oi  *  v.utamr  in  average  iiradiano.  H*; 
d,  =  rrnttoid  wandn  single  axis  vattaiue.  in 
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3-1  INTRODUCTION 

This  rhapier  provides  quantitative  data  on  natural 
atmospheric  extinction  to  enable  the  user  to  character¬ 
ize  this  atmosphere  (or  systems  performance  calcula¬ 
tions.  It  also  gives  sveather  data  (or  (our  different  types 
of  climate— temperate,  tropical,  desert,  and  northern. 

Par.  3-2  is  designed  to  provide  atmospheric  data  for 
user-specified  weather  conditions.  It  contains  tables 
and  equations  designed  for  use  in  the  calculation  of 
atmospheric  extinction  by  water  vapor  am!  other  gase¬ 
ous  molecules,  and  aerosol  extinction  due  to  haze,  fog. 
clouds,  rain,  snow,  or  blowing  dust.  Data  are  provided 
for  the  visible  (0.4-0.7jm»)  and  near  infrared  (IR)  (0.7- 
l.ljtm)  spectral  bands,  the  thermal  hands  (3-5  and  8- 
12pm).  the  NdrYAG  ( 1  06pm)  and  CO}(  10.591pm)  laser 
lines,  and  at  33  GHz  and  94  GHz  millimeter  wave 
(mmw)  frequencies. 

Four  types  of  climate  are  described  briefly  in  par.  3-3: 
a  temperate  region,  represented  by  the  central  European 
highlands;  a  tmpital  climate,  represented  by  Gentral 
America;  a  desert  climate,  tepresenied  bv  the  Mideast 
desert  region;  and  a  lugh-latitude  northern  climate, 
tepresenied  by  eastern  Scandinavia.  lire  spec  ifit  locales 
were  selected  both  bec  ause  of  the  range  of  weather  types 
tires  itu  lude  and  bee  au»e  of  the  availability  erf  c  omplete. 
reliable  metrotologic al  rec  ords.  Par.  3-3  also  contains 
seasonal  average  meteorological  observations  lor  these 
Inc atiems.  designed  to  familiarize  the rnginrn  with  the 
satiety  of  weather  conditions  in  which  a  system  design 
will  hast-  tu  operate. 

More  detailed  information  about  thr  ftrtpirncy  of 
utturrrmeof  naturally  obu  tired  weather  for  these  ba  a 
lions  is  me  loded  in  pars.  3-4  through  3-7.  t  his  detailed 
inlo*  (nation  will  give  thr  engineer  a  e  Icatrt  pteturr  of 
the  is  pes  of  weather  under  whit  h  a  system  must  opetatr 
and  thr  tria  ls.-  ftrquroty  of  these  c  unditiotts  IIIhsim- 
lions  of  the  s  mat  ion  in  atmosphettc  transmit  tart*  e  are 
included  for  tepresemaiisT  European  and  Mufrast  luta- 
twins  in  plots  of  cumulative  frequency  of  atmospheric 
Mansnutiamr  in  the  visible,  thermal,  and  mmw  owx- 
ttal  regions. 

3-2  OPTICAL  PROPERTIES  OF 
NATURAL  OISCU  RATION 
FACTORS 

Hie  tables  and  equaiions  in  ibis  |»atagtaph  air  used 
to  obtain  values  for  atmospheric  irar.smiiutwr  thunigh 
the  natural  aimosiihere  lew  user -qwTilied  weather  con¬ 
ditions.  Par.  3-2.1  treats  molecular  ab*r:, prion  ami  war- 
ter  mg  by  the  dear  natutal  atmosphrrr.  Acktiiwmal 
itansmutaiM  r  losses  due  to  atmospheric  arioso  I  absotp- 
ttoti  and  Hanning,  ram.  snow,  and  blowing  dust  ate 
mated  in  pais.  3-2.2  ituuugh  3-2.3. 

lfw-  tout  atmosphetw  transmittance  TlMInt  a  given 
(Mill  length  | range  u>  target)  is  the  ptoduc  t  of  die  deal 
1-2 


atmosphere  molecular  transmittance  term  T*(X),  the 
atmospheric  aerosol  transmittance  term  T,(k)  or 
atmospheric  precipitation  transmittance  term  T^X), 
and  the  dust  transmittance  term  T z(X)  or  smoke  trans¬ 
mittance  term  T»(X).  In  the  absence  of  precipitation 

7(A)  =  Tm(k)Ta(k)Ts(k)Tj(k),  (3-1) 
dimensionless 

wherr 

X  =  wave-length,  jrm 

Tm(k)  =  atmospheric  transmittanc  e  considering 
only  molts  ulat  extinction,  dimension¬ 
less 

7‘U(X)  ~  atmospheric  transmittance  considering 
only  aeiosol  extinct  imensionless 

7\(X>  =  ii.iiisituti.ini  e  through  smoke,  dimen¬ 
sionless 

7‘xX)  ~  iiansmiuanieihtough dust. dimension- 

less. 

II  n  is  i. nniug  hi  slims  tug. 

I  { X )  =  7  »(  X )  Tr(  X  )7",(  X  )Tj(  X ),  (3-2) 

dimensionless 

where 

Ta  a  *  5  .umosphciw  transmittance  tottsitbring 
•  mis  pi  a  i pttat  tort,  dimensionless, 

if  dierr  is  no  smoke.  7\<X)  *  1.0. 

tl  there  is  no  dust.  T*X>  *  1.0. 

I  hts  chapter  t  hatac  terizrs  transmittance  thtmigh  the 
natutal  aimmjihete.  whu  .  uw  ludrs  pmipciation  and 
blowing  dust.  Use  information  in  Chapter  4  addtrsw-s 
transmutancr  cab  citations  through  hattMn  bi-imhimt 
contaminants  tm  hiding  smokes,  high  r*pb>vvr  (fit I 
gene»a«ed  dust,  dust  raised  by  *ehu  ulat  traffic,  and  fur 
produc  is. 

Valors  are  tabulated  in  this  chapter  (or  the  sisibh 
tO.4-Q.7jim).  near  IR  (0.7-l.ljcm).  alid  ibrtmd  spectral 
hands  i.V3jim  at.d  8-  iijitni  as  wefl  as  for  discrete  wave- 
lengths  at  thr  I.Q6jtrn  (NdrYAG  laser)  and  10.391  t»m 
(GO:  User)  laser  lines,  and  thr  33  GHz  and  94  GHr 
mmw  liesrs.  When  usings alurs trerm different  subyura- 
graphs  fur  molecular  abruption  and  watt-ring,  the 
engines » must  make  slur  the  metrotneugu  at  <  uod. icons 
used  to  calculate  earl.  ttanunutrmr  term  are  cumpati- 
hie  Pur  instance.  tain  should  >*cut  only  a>  trmprta- 
•utes  abuse  ftming:  it  mil  be  accompanied  by  htgh 
frlatise  humidity  and  limited  visibility. 

The  equations  in  this  paragraph  may  require  a  con¬ 
version  among  rrlalisr  humidity,  absolute  humidity, 
and  dew  pumi.  depending  on  thr  data  available  to  thr 
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engineer.  The  conversion  may  be  performed  usine  die 
relationships  in  Appendix  B. 

3-2.1  W  ATER  VAPOR  AND  GASEOUS 
ABSORPTION 

This  paragraph  provides  equations  and  tables  to 
determine  atmospheric  transmittance  Tm(\)  for  water 
vapor  and  gaseous  absorption.  For  the  broadband 
thermal  spectral  regions  (3-5pm  and  8T2pm),  Tm(\)  is 
tabulated.  For  visible,  near  IR,  laser,  and  mmw  wave¬ 
lengths,  Tm(A)  is  calculated  from 

Tm{k)  =  e  dimensionless  (3-3) 

where 

R  —  path  length,  km 

y.7i{\)  —  molecular  volume  extinction  coefficient 
for  any  wavelength  X,  km’’1. 

3-2.1. 1  Visible 

Molecular  extinction  and  water  vapor  abs  rption 
have  a  minor  effect  in  the  visible  spectral  region;  visible 
transmittance  is  dominated  by  aerosol  absorption  and 
scattering. 

A  representative  value  for  ym(X)  in  the  visible  region 
is  &.02  km'1  for  both  a  low  humidity  environment  (3.5 
g/m’  water  vapor)  and  for  a  high  humidity  environ¬ 
ment  (14  g/m’  water  vapor). 

3-2.1.2  Near  IR  (0.7-1. lpm  and  1.06pm) 

Gaseous  and  water  vapor  absorption  have  a  negligi¬ 
ble  effect  at  the  i  .06pm  Nd: Y  AG  laser  line.  The  molecu¬ 
lar  transmittance  term  Tm(k)  is  equal  to  1.0  at  1.06,-un. 
Gaseous  and  water  vapor  absorption  have  a  minor 
effect  in  the  near  IR  band  out  to  1.1  pm.  The  magnitude 
can  be  calculated  using  Eq.  3-3,  with 

■ym(0.7-l.lpm)  =  0.02  km  1  (low  humidity)  and 
0.03  kin"1  (high  humidity). 

These  numbers  represent  typical  values  for  a  grouuu 
level  midlatitude  (European)  atmosphere.  Actual  trans¬ 
mittance  in  the  near  IR  is  somewhat  wavelength 
dependent;  absorption  increases  as  one  moves  fiont  the 
0.7-0.9  pm  region  to  the  0.9-1. 1  pm  region.  Mott 
detailed  data  may  be  obtained  by  using  atmospheric 
transmittance  codes  such  as  LOW  IRAN  or  FA.SCODE* 
(Refs,  1  and  2). 


•The  l.OW  I  RAN  code  is  used  to  calculate  atmospheric 
transmittance  and  path  radiance  with  low  spmial  resolu¬ 
tion  (20  cm'1)  and  is  used  for  broadband  calculations.  KAS- 
CODE  is  used  to  calculate  atmospheric  transmit  lance  with 
high  spec  tral  resolution  and  c  an  lx  used  for  laser  and  imnw 
i  me  calculations. 


3-2. 1.3  Thermal  (3-5  id  8-12pm) 

Thermal  band  transmittance  is  sensitive  to  water 
vapor  content  and  thus  to  relative  humidity  (RH)  and 
temperature.  Band-averaged  transmittance  in  the  3-5 
and  8-12  pm  spectral  regions  does  not  scale  exponen¬ 
tially  with  range  for  the  reasons  discussed  in  par.  2-3.2. 
Thus  the  thermal  molecular  transmittance  term  Tm(X) 
is  provided  in  tabular  form.  Table  3-1  contains  Tm(3- 
5pm);  Table  3-2  contains  Tm(8-12prn).  These  tables  give 
transmittance  for  a  range  of  values  of  temperature  and 
relative  humidity  over  six  ground  level  path  lengths 
between  one  and  20  km.  Transmittance  over  path 
lengths  between  these  values  may  be  estimated  by  inter¬ 
polation.  The  tables  were  derived  using  LOWTRAN  5 
with  no  aerosol  contribution. 

3-2.1 .4  CO2  Laser  (10.591pm)  and  Millimeter 
Wave  (35  GHz  and  94  GHz) 

The  atmospheric  molecular  transmittance  term  Tm(X) 
at  CO2  laser  and  mmw  wavelengths  is  calculated  using 
Eq.  3-3.  The  volume  molecular  extinction  coefficient 
ym(X)  depends  on  atmospheric  water  vapor  content. 
Table  3-3  gives  values  of  ym(X)  at  the  !0.591pm  GOj 
laser  line,  35  GHz,  and  51  GHz;  these  values  were  gener¬ 
ated  using  Electro-Optical  Systems  Atmospheric  Effects 
Library  (EOSAEL)  82  (Ref.  8). 

3-2.2  HAZE,  FOG,  AND  CLOUDS 

Extinction  of  radiation  by  haze,  fog,  and  clouds  var¬ 
ies  slowly  with  wavelength.  The  aerosol  transmiiianre 
term  T„(X)  tan  be  expressed  using  an  equation  of  the 
same  form  as  Eq.  3-3: 

Ta(K)  ”  t* dimensionless  (3-4) 

•vhete 

yj  k  1  L  .iriosol  Milium  (Ainu  in  111, nt  Hit  11  nl  Ini  am 
w.iu  leiiglli  A.  km 

3-2.2. 1  Visible  (0.4-0.7pm) 

Aerosol  extinction  in  ihe  visible  region  is  staled  to 
visibility.  In  this  handbook  the  definition  of  meteoro¬ 
logical  range  is  used  foi  visibility.  Meieorolugit  at  range 
is  the  range  at  which  an  object  withatontrastol  1.0  can 
just  be  perceived  visually  against  the  but  kgtoumi  with 
the  visual  entrust  threshold  set  at  0.02  *  The  expres¬ 
sion  for  visual  aerosol  extinction  coefficient  then  f»e- 
comes 


•In  prut  lie  e,  observation*'  of  visibility  ate  not  pits  ur  bo  unit* 
they  rely  on  the  judgement  of  a  human  obsmei .  In  addition, 
the  v  isilulily  is  not  precisely  defined:  the  Wot  Id  Metmtnbtg- 
ital  Organization,  for  example,  uses  a  5%  itanMitnianu- 
siandurd  in  its  field  etjoipinem 
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FT 


(TABLE  3-1 

3-5jum  BAND-AVERAGED  ATMOSPHERIC  TRANSMITTANCE  (No  Aerosols)  I 


Transmittance  Tm(\),  dimensionless 

Relative 
Humidity 
RH,  % 

Temperature 

T,  °C. 

1 

Path  Length  R,  km 

3  5  7  10 

15 

20 

10 

0 

0.77 

0.68 

0.62 

0.58 

0.53 

0.47 

0.43 

10 

0.74 

0.64 

0.58 

0.53 

0.48 

0.42 

0.38 

20 

0.71 

0.60 

0.53 

0.49 

0.44 

0.38 

0.33 

30 

0.67 

0.55 

0.48 

0.44 

0.39 

0.33 

0.29 

40 

0 

0.70 

0.58 

0.51 

0.47 

0.41 

0.35 

0.31 

10 

0.66 

0.53 

0.46 

0.41 

0.36 

0.30 

0.25 

20 

0.61 

0.47 

0.40 

0.35 

0.30 

0.24 

0.20 

30 

0.56 

0.42 

0.35 

0.30 

0.25 

0.19 

0.15 

70 

0 

0.66 

0.53 

0.46 

0.41 

0.36 

0.30 

0.25 

10 

0.61 

0.47 

0.40 

0.35 

0.30 

0.24 

0.20 

20 

0.56 

041 

0.34 

0.29 

0.24 

0.18 

0.14 

30 

0.50 

0.36 

0.28 

0.23 

0.18 

0.13 

0.09 

90 

0 

0.64 

0.51 

0.44 

0.39 

0.33 

0.27 

0.23 

10 

0.59 

0.45 

0.37 

0.33 

0.27 

0.21 

0.17 

20 

0.53 

0.39 

0.31 

0.26 

0.21 

0.15 

0.12 

30 

0.18 

0.33 

0.25 

0.20 

0.15 

0.10 

0.07 

TABLE  3-2 

8-12Mm  BAND-AVERAGED  ATMOSPHERIC  TRANSMITTANCE  (No  Aerosols) 


Transmittance  f«(M.  dimensionless 


Relative 

Humidity 

ftH.% 

Tempreaturr 

r.  x 

1 

.1 

3 

Path  Length  ft.  km 

7 

10 

13 

20 

It) 

0 

0.97 

0,95 

0.93 

0.91 

0.89 

0.86 

0.84 

10 

0.97 

0,93 

0.91 

0.89 

0.86 

0.82 

0.79 

20 

0.95 

0.91 

0.87 

0.85 

0.81 

0.76 

0.71 

30 

0.94 

0.87 

0.82 

0.78 

0.72 

0.65 

0.59 

10 

0 

0.  >5 

0.841 

0.86 

0.82 

.,.78 

0.72 

0.67 

to 

0.92 

0.84 

0.77 

0.72 

0.65 

0.55 

0.48 

20 

0.87 

0.73 

0.62 

0.54 

043 

0.31 

0.22 

30 

0.78 

0.54 

0.39 

0.28 

0.18 

0.09 

0.04 

70 

0 

0.93 

0.84 

0.78 

0,73 

0.66 

0.56 

0.49 

10 

0.87 

0.73 

0.62 

0.53 

0.42 

0.30 

0.22 

20 

0.77 

0.52 

0.36 

0.26 

0  lb 

0.07 

0.03 

30 

0.59 

0.25 

0.11 

0.05 

0.t>2 

0.0 

0.0 

90 

0 

0.91 

0.80 

0.72 

0.66 

0.57 

0.46 

0.38 

10 

0.83 

0.64 

0.51 

0.41 

0.30 

0.18 

0.1 1 

20 

0.69 

0.39 

0.23 

0.13 

0.06 

0.02 

0.01 

30 

0.46 

0.12 

0.04 

0.01 

0.0 

0.0 

0.0 

) 
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TABLE  3-3 

GASEOUS  AND  WATER  VAPOR  EXTINCTION  COEFFICIENTS  FOR 
CO:  LASER  AND  MILLIMETER  WAVE  WAVELENGTHS 


ABSOLUTE  HUMIDITY,  p,  g/m3 _ EXTINCTION  COEFFICIENT  ym(k),  km'1 


10.591pm 

35  GHz 

94  GHz 

1 

0.083 

0.018 

0.025 

3 

0.091 

0.021 

0.043 

5 

0.109 

0.024 

0.067 

10 

0.185 

0.032 

0.108 

15 

0.311 

0.041 

0.154 

20 

0.383 

0.049 

0.201 

y«(0.4-0.7pm)  =  3.912/P,  km"‘  (3-5) 

where 

V  —  visibility,  km. 

The  value  $.912/  V,  used  as  the  extinction  coefficient, 
gives  a  visual  transmittance  of  0.02  if  the  path  length 
and  the  visual  range  are  equal. 

S-2.2.2  Near  IR  (0.7-1. 1  pm  and  1.06pm) 

Aerosol  extinction  in  the  near  1R  also  may  be  scaled 
to  visibility,  For  the  1.06pm  Nd:YAG  laser  line,  the 
aerosol  extinction  coefficient  used  in  Eq.  $-4  is  (Ref.  3) 
I.  I' greater  than  0.6  km 

Y«»(  1.06)  =  lO1""* . '  i,  k,„  * 

2. 1'  less  than  or  equal  to  0.6  kit. 

y,j(  1.06)  =  3.912  !\  km'1  (3-7) 


In  haze  the  broadband  0.7-1. lpm  extinction  coeffi¬ 
cient  can  be  estimated  using  Eq.  3-8,  which  was  derived 
from  LOWTRAN  5  calculations. 

yfl(0.7-1.0)  =  0.6  (3.912/ F),  km'1  (3-8) 

In  fogs  the  visible  aerosol  extinction  coefficient  n  ay 
be  used  to  calculate  near  IR  extinction. 

3-2.2.S  Thermal  Bands  (3-5  and  8-  12pm)  and 
the  CO:  Laser  Line  (10.591pm) 

Thet.nal  tiunstniiiame  is  decreased  only  slightly  l>\ 
ha/e.  rumsniiuame  through  log  de|>endss,  tough  on 
watei  sapor,  litpiid  water  tunient.  and  |xulitle  st/e 
dixit  ilmi  ion.  Table  3-  i  givixaetosnl  ext  im  lion « nelli- 
tienis  to  the  thermal  hands  lot  time  repteseniative 
tomhitoitv  an  uiliait  ha/e.  with  a  2-.  >,  <>i  I.Vkm 
risibility;  a  radiation  log.  with  O.a-km  anti  1.0-ktn 
usdiilus;  and  an  adsetium  log.  with  O..Vkm  anti  1 .0- 
kitt  Msihtliis. 


TABLE  3-4 

AEROSOL  EXTINCTION  COEFFICIENTS  FOR  THERMAL  RADIATION 


AEROSOL  AEROSOL  EXTINCTION  COEFFICIENT  y^A).  km  1 


3 -5j»m 

8-  12pm 

10.591  pm 

Urban  Hate 

2  km  visibility 

0.29 

0.18 

Old 

5  km  visibility 

0.11 

0.07 

0.06 

10  km  visibility 

0.06 

0.04 

0.03 

15  km  visibility 

0.04 

0.02 

002 

Radiation  Fog* 

0.5  km  visibility 

10  1 

2.4 

1.7 

1.0  km  visibility 

5.1 

1.2 

0.9 

Advection  Fog* 

0.5  km  visibility 

6.4 

9.0 

8.9 

i.G  km  visibility 

4.2 

4.5 

4.5 

•Radiation  and  adwvtion  fogs  ate  dmxnwd  in  pat.  2-4.2. 
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Thermal  transmittance  through  clouds  will  gener¬ 
ally  be  as  poor  as  visual  transmittance.  The  transmit¬ 
tance  of  thermal  radiation  through  clouds  depends  on 
the  liquid  water  content  of  the  cloud  and  the  radiation 
wavelength.  The  extinction  coefficient  at  10.591pm 
can  be  estimated  by 

ya  (10.591pm)  —  159  w,  km"1  (3-9) 

where 

o’  -  liquid  water  (outem.  g  in’. 

The  extinction  coeffic  ient  in  the  8- 1 2jum  band  varies 
f’  300  u’ at  8pm  to  ISOu’ut  1 1  jam-  In  the3-5pm  band 
the  extinction  coefficient  varies  from  1330u>  at  3pm  to 
530u>  at  5pnr  (Ref.  4). 

Liquid  water  content  in  clouds  depends  on  the  type 
of  cloud.  The  water  content  ranges  from  0.02  to  1.5 
g  m!  for  cumulus  clouds  to  0.02  to  0  60  g  for  stra¬ 
tus  clouds  (Ref.  5).  If  the  value  of  u>  is  not  known,  it 
may  be  estimated  from  (Ref.  3) 

n  -  5.95  X  lO'  Y’  1  u,  g  n.\  (3-10) 

This  expression  is  valid  only  in  clouds. 

3-2.12.4  Millimeter  Wave  (35  GHi  and  94  GHi) 

Millimeter  wave  radiation  is  not  seriously  attenuated 
by  ban  .  Millimeter  wave  extinction  through  fogs  and 
clouds  depends  on  the  liquid  water  content  of  the  aero¬ 
sol  and  the  index  of  refraction,  which  is  temperature 
dependent.  Aerosol  extinction  coefficients  for  fog  and 
clouds  are  c  alculated  from  liquid  water  content  using 


where 

u.iAi  ~  complex  index  oi  tehaetton.  dimen¬ 
sionless 

/»i  -  imaginary  part  of  biaikctcd  expres¬ 
sion.  dimcnstunlc-v 

Values  lor  thr  extinction  coefficient  at  35  GHi  and  94 
(*llc,  calculai-J  using  EOSAKL  algorithms  (Red.  3). 
air  listed  in  l  able  3-5. 

3-2.3  RAIN 

The  transmittance  thmugh  precipitation  T^K)  is 

T^K)  “  c  dimensionless  (3-12) 

where 

ypAt  =  precipitation  volume  extimiioii  tcvffi- 
cieni  to.  any  wavelength  A.  km  '. 

Llie  value  of  the  precipitation  volume  extinction  c  cief- 
ficient  deprnds  on  the  type  of  precipitation— rain  or 
snow— and  on  wavelength. 


TABLE  3-5 

VALUES  OF  THE  AEROSOL  EXTINCTION 
COEFFICIENT  FOR  WATER  AT  35  GHz 
AND  94  GHZ 

AEROSOL  EXTINCTION  COEFFICIENT  yA\),  km1 


Temperature 

T,°C 

35  GHz 

94  GHz 

0 

0.24  w 

1.11  w 

10 

0.19  w 

1.01  w 

20 

0.15  w 

0.88  w 

30 

0.12  w 

0.76  w 

At  visible  and  thermal  wavelengths,  rain  droplet  sires 
are  large  with  respect  to  the  radiation  wavelength,  so 
the  scattering  efficiency  factor  may  be  assumed  to  be  2.0. 
In  these  regions,  then,  the  extinction  due  to  scattering 
from  rain  will  depend  only  on  particle  sire  distribution, 
not  on  wavelength.  Empirical  relationships  develojied 
by  Laws  and  Parsons  <  Ref.  6)  for  widespread  rain  Tq. 
3-11)  and  equations  developed  by  Joss  and  Waldvogel 
(Ref.  7)  for  drizzle  and  thunderstorms  (Eqs.  3-13  and 
3-15)  are  used  to  estimate  the  precipitation  volume 
extinction  coefficient  7„(\)  due  to  rain.  The  equations 
used  for  visible  through  thermal  wavelengths  are 

1.  Drizzle 

y^vis,  thermal)  =  0.5»ra*\  km" '(3-la) 

2.  Widespread  rain 

y^vis,  thermal)  “  0.36ru‘\  kmM(3-14) 

3.  Thunderstorms 

V,(vis,  thermal)  =  0.l6r&*\  km'1  (3*15) 

where 

r  =  rain  rale,  mm  h. 

.  st  mmw  wavelengths,  extinc  tion  due  to  rain  would 
properly  be  treated  using  a  lull  Mie*  u^ilrring calcula¬ 
tion  over  the  rain  particle  sin  distribution.  Because  of 
the  complexity  of  this  approach,  a  power  law  approxi¬ 
mation  based  on  -ain  rate  is  used  io  calculate  the  mmw 
prec  ipitation  coefficient  for  lain  (Ref.  3): 

y^nunw)  =  ar\  km'1  (3*16) 

where 

it./i  -  tain  extinction  parameters,  dimensionless 

and  a  and  k  vary  with  min  rate,  mmw  frequency  ,  and 
trmpetaiure,  as  shown  in  Table  3-6. 

*Mir  watteting  u  discussed  in  par.  2*3.1. 
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TABLE  3-6 

MILLIMETER  WAVE  RAIN  EXTINCTION  PARAMETERS 


Rain 

Temperature  T,  °C 

a  (35  GHz) 

b  (35  GHz) 

a  (94  GHz) 

b  (94  GHz) 

Drizzle 

0 

0.0040 

1.085 

0.294 

0.870 

20 

0.0039 

1.106 

0.309 

0.859 

Widespread 

0 

0.052 

0.951 

0.335 

0.638 

20 

0.063 

0.945 

0.345 

0.634 

Thunderstorm 

0 

0.084 

0.775 

0.230 

0.617 

20 

0.082 

0.771 

0.230 

0.614 

5-2.4  SNOW 

The  transmittance  T>(k)  through  snow  may  be  esti¬ 
mated  using  Eq.  3-12.  For  visible  and  near  IR  radiation, 
the  precipitation  extinction  coefficient  for  snow 
may  be  calculated  from  visibility: 

3  912 

-yps  (vis,  near  IR)  =  — ~ —  ,  km’1.  (3-17) 

At  low  relative  humidities  the  snow  extinction  coeffi¬ 
cient  for  the  3-5  and  8- 1 2pm  spectral  bands  also  scales  to 
visibility.  For  relative  humidities  greater  than  94%, 
there  is  usually  fog  mixed  with  the  snow.  In  this  case, 
the  thermal  extinction  coefficient  of  snow  also  depends 
on  temperature.  For  both  the  3-3  and  8-12  pm  thermal 
bands  at  low  relative  humidities,  the  visual  scattering 
coefficient  in  the  presence  of  snow  may  be  used  with  the 
assumption  that  the  Mattering  is  in  the  geometric  optics 
regions,  and  the  Mie  scattering  coefficient  is  2.0  for  both 
visual  and  thermal  radiation.  However,  visual  scatter¬ 
ing  is  strongly  peaked  in  the  forward  direction;  thermal 
radiation  is  scattered  over  a  wider  angle.  Thus  the  mea¬ 
sured  thermal  extinction  (and  that  seen  by  a  wide- 
aperture  thermal  sensor)  may  be  much  higher. 

The  thermal  precipitation  extinction  coefficient  in 
snow  may  be  estimated  by 

3  912 

fpt  (thermal)  «  -—p —  ,  km"'.  (3-18) 

Data  on  mmw  extinction  by  snow  is  extremely  scarce. 
Extinction  of  mmw  radiation  by  snow  may  be  approx¬ 
imated  using  a  power  law  relationship  (Ref .  8): 

y^mmw)  =  cr/ ,  km'*  (3-19) 

where 

r.</  =  snow  extinction  parameter*,  dimension- 
less 

r.  =  rain  equivalent  snow  rate,  mm  h. 

The  values  of  c  and  d  depend  on  the  wetness  of  the  snow 
and  the  mmw  wavelength.  Values  for  r  and  d  are  listed 
in  Table  3*7. 


TABLE  3-7 

MILLIMETER  WAVE  SNOW 
EXTINCTION  PARAMETERS 


Snow  Type 

c  (35  GHz) 

d  (35  GHz) 

c  (94  GHz) 

d  (94  GHz) 

Dry 

0.0125 

1.60 

0.08 

1.26 

Moist 

0.160 

0.95 

0.31 

0.75 

Wet 

0.235 

0.95 

0.61 

0.75 

3-2.5  BLOWING  DUST 

The  transmittance  through  blowing  dust  T/k)  is 
calculated  using  the  spettml  mass  extinction  coefficient 
for  dust  and  the  concentration  path  length  product 
(CL)  of  dust  in  the  atmosphere: 

T/K)  =  e  ,  dimensionless  (3-20) 

where 

cMA)  =  dust  mass  extint  lion  itH'lfitienilitt  any 
wavelength  X.  nr  g 

Cl.  -  i  out  ultra  lion  path  length  ptodutt  ol 
dust.g  m*. 

The  Cl.  product  of  dust  in  the  path  is  found  by  multi¬ 
plying  the  mass  loading  2  by  the  path  length  K.  Mass 
extinction  coefficients  for  dust  are  given  in  Table  3-8.* 
Mast  loading  of  dust  into  the  atmosphere  may  be  esti¬ 
mated  from  the  visibility  through  dust  by  using  the 
values  given  in  T  able  3-9. 

In  the  absence  of  blowing  dust  or  dust  storms,  values 
of  ambient  dust  ronemtration  range  from  1-2  x  I  O' 
g/m*  textural  regions  to  4-15  x  10  ‘g.  m'lor  industrial 
areas. 

3-2.1  OPTICAL  TURBULENCE 
The  effects  of  turbulence  are  most  pronounced  on 
active  systems  using  la*r  sources  and  least  important 

"Transit  meaner  through  uu  i  exhibits  tome  spectral  depen¬ 
dence.  The  spectral  mass  extinction  coefficient  depends  on 
the  composition  of  the  dust.  c.g„  rlay  or  quatu.  bruited 
spectral  nansmitunce  plots  lot  diflecrm  soils  are  found  m 
Ref  10. 
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TABLE  3-8 

MASS  EXTINCTION  COEFFICIENTS 
FOR  DUST  (Ref.  3) 


WAVELENGTH  A 

MASS  EXTINCTION 
COEFFICIENT  MX),  m2/g 

visi  '**  (0.4-0.7pm) 

0.32 

near  1R  (0.7-1. 1pm) 

0.30 

1 .06pm 

0.29 

3-5pm 

0.27 

8- 12pm 

0.25 

10.6pm 

0.25 

33, 94  GHz 

0.001 

TABLE  3-9 


MASS  LOADING 

FROM  VISIBILITY  (Ref.  9) 

VISIBILITY  V.  km  MASS  LOADING  Z.g  in' 

0.2 

1.1  x  10  ‘ 

0.47 

6.9  x  10  5 

1.0 

2,1  x  10'* 

3.2 

5.2  x  10  ' 

8.0 

2.0  x  10  ’ 

(or  passive  imagers.  The  effect  of  turbulence  decreases 
with  increasing  wavelength.  Turbulence  causes  beam 
spreading,  beam  wander,  and  scintillation  (fluctua¬ 
tions)  in  laser  illumination.  These  effects  are  character- 
tied  by  (he  beam  radius,  beam  centroid  displacement, 
and  the  variance  or  covariance  of  the  irradiancc.  The 
effect  of  scintillation  on  systrm  performance  is  de¬ 
creased  by  averaging  the  power  fluctuations  over  the 
receiver  aperture  (aperture  averaging);  the  larger  the 
receiver  aperture,  the  smaller  the  effect  of  scintillation. 
Imaging  system  degradation  by  turbulence-induced 
blur  or  image  motion  is  characterised  by  the  optical  . 
ii.tiidi  i  lout  tion  tot  mhctctHc  length  i.a.tml  tin-  wave 
Itottt  tilt. 

The  effects  of  turbulence  on  laser  and  imaging  sys¬ 
tems  are  summarised  in  Table  3-10.  The  appropriate 
measure  of  turbulence  effect  is  given  in  the  right 
column.  The  equations  for  calculating  these  quantities 
are  explained  in  this  paragraph.  More  detailed  treat¬ 
ments  of  turbulence  can  be  found  in  Reft.  1 1.  (Land  IS. 

Laser  beam  spread  can  be  expressed  in  terms  of  the 
Strehl  ratio,  which  is  the  ratio  of  the  average  on-axu 
irradiancc  with  turbulence  to  the  average  on-axis  irra- 
diance  without  turbulence.  The  Strvhl  ratio  is  given  by 
(Ref.  12) 

I.  fjMIg  litlU 

S»  =  [  1  +  (D/ro)lr’*  dimcntionlc**  (3-21) 


TABLE  3-10 

OPTICAL  TURBULENCE  EFFECTS 

Laser  Systems  descriptor 

Beam  Spread 

Short-Term  Strehl  Ratio 

Long-Term  Strehl  Ratio 

Beam  Wander  Centroid  Movement 

Imaging  Systems  Descriptor 

Short-Term  Blur  Optical  Transfer  Function  Loss 
Long-Term  Blur  Optical  Transfer  Function  Loss 
Image  Motion  Centroid  Movement _ 

2.  Short-Term 
a.  Dir o  <  3 

Ss\  —  [1  +  0.182  (D/ro)2]"1,  dimensionless 

(3-22) 

l>.  /)  In  >  3 

S>:  =  (I  +  (/)  r0):  -  1.18  (!)  r0)v (3-23) 
dimensionless 

where 

D  ~  effective  laser  aperture  diameter,  ttt 
Si  ~  long-term  Strehl  ratio,  dimensionless 
S,  =  short-trim  Strehl  ratio,  dimensionless. 

The  ratio  of  the  beam  diameter  with  turbulence  to  the 
beam  diameter  without  turbulence  is  equal  to  (Strehl 
ratio)"''1.  If  the  turbulence  is  uniform,  the  coherence 
length  r»  is  (Ref.  12) 

r0  =  O.H32f>(  10  V  *  ( lOV.iK)  ‘  \  in  (3-2*1) 

where 

C;  -  index  nf tt''.ta«tiottsitiHiutc«oit\tatti.m  '  '. 

This  expression  for  h  applies  for  ranges  of  usriiail 
interest.  If  turbulence  is  not  uniform,  the  turbulence 
closest  to  the  laser  source  will  have  the  strongest  effect. 
Daytime  values  of  turbulence  may  range  from  C2  of 
I0‘,*m"l',(w«ak)to6x  I0'um~,/*  (moderate)  to  6  x  I0“" 
m1’  (strong) 

For  homogeneo  ts  turbulence,  the  root  mean  square 
(mss)  full  width  beam  wander  0.  is  (Ref.  IS) 

1.0  r.£3 

=  0.245  X',/5  C,”  (l0,K)l/\  m(3-25) 

2  .D  r9>S 

£>*,  =  0.245  C.  (10,/?)v2  m.  (3*26) 
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Scintillate  a  may  be  approximated  by  (Ref.  13) 

o2/  =  1.24  C„2  (2jt/X)7/<  (103R)m/6,  W2  (3-27) 

where 

a/  -  variance  in  average  inadiance,  W5. 

The  effects  of  turbulence  saturate  at  long  ranges  or  in 
strong  turbulence;  in  general,  o<2  does  not  exceed  0.5. 

Turbulence  effects  on  imaging  systems  are  generally 
minor.  For  an  ideal  diffraction-limited  system,  as  the 
aperture  is  increased  above  ro,  the  limiting  resolution 
becomes  equal  to  that  of  a  diffraction-limited  system 
with  a  diameter  ro. 

The  image  centroid  wander  for  an  imaging  system  in 
homogeneous  turbulence  is  characterized  by  its  single¬ 
axis  variance  oi  (Ref.  IS): 

a,2  =  1 .093  F2  D'l/i  Cn2 10J  R ,  m2  (3-28) 

where 

F  -  focal  length,  m. 

3-2.7  ILLUMINATION 

The  performance  of  visual  and  near  IR  systems 
depends  on  reflected  natural  illumination  (ambient 
light  level),  i.e.,  on  daylight  and  the  reflected  night  sky 
radiance.  Passive  thermal  signatures  are  influenced  by 
solar  heating  or  insolation.  There  is  a  wide  variation  in 
the  available  light  level  and  insolation.  The  daytime 
ambient  light  level  and  insolation  are  determined  by 
location,  season,  time  of  day,  and  cloud  cover.  Night¬ 
time  ambient  light  level  is  determined  by  starlight, 
phase  of  the  moon,  and  cloud  cover,  as  well  as  by 
scattered  man-made  illumination. 

The  variation  of  natural  light  level  is  shown  in  Table 
3- 1 1,  which  gives  illumination  values  (or  day  and  night 
conditions.  Daytime  light  level  is  affected  by  cloud 
cover  and  solar  angle  (time  of  day,  location,  and  sea¬ 
son).  Night  light  levels  change  with  lunar  phase  and 
cloud  cover.  The  range  of  naturally  occurring  light 
levels  with  season  is  illustrated  by  Fig.  3- 1 ,  which  shows 
typical  light  levels  (or  day  and  night  conditions  a«  a 
function  of  sun  or  moon  angle.  The  shaded  band  is  the 
night  sky  illuminance.  Frequency  of  occurrence  of  light 
level  for  Germany  at  night  is  tabulated,  by  season,  in 
Ref.  IS.  Seasonal  solar  insolation  variations  are  avail¬ 
able  in  Ref.  16  at  world  maps  with  insolation  contour 
overlays.  Fig.  S*2  is  a  sample  of  these  data.  Mean 
monthly  cloud  cover  variations  are  available  in  similar 
form  in  Ref.  17  as  illustrated  in  Fig.  $-3.  A  comprehen¬ 
sive  procedure  for  scaling  insolation  using  cloud  cover 
observations  is  described  in  Ref.  16. 


TABLE  3-11 

NATURALLY  OCCURRING  LIGHT 
LEVEL  (Ref.  14) 


Ambient  Light 

Light  Level  (lm/ms) 

Overcast  Night  Sky 

5  x  10~4 

Clear  Night  Sky 

1  x  10'3 

H  Moon 

2  x  10'a 

Full  Moon 

1  x  10'' 

Overcast  Day 

5  x  103 

Bright  Day 

5  x  104 

3-3  DESCRIPTION  OF  SELECTED 
NATURAL  ENVIRONMENTS 

The  natural  environments  selected  for  inclusion  in 
this  handbook  represent  temperate,  tropical,  desert,  and 
high-latitude  northern  climates.  The  temperate  north¬ 
ern  European  highland  region  includes  the  southern 
part  of  the  Federal  Republic  of  Germany,  excluding  the 
Rhine  Valley,  and  portions  of  France,  Switzerland, 
Czechoslovakia,  and  East  Germany.  The  tropical  Cen¬ 
tral  American  region  includes  the  interior  of  Central 
America.  The  Mideast  desert  region  includes  most  of 
Iran,  Iraq,  Syria,  Jordan,  the  Saudi  peninsula,  Egypt, 
and  Sudan,  except  for  the  region  surrounding  the  Per¬ 
sian  Gulf,  Mediterranean  Sea.  and  Red  Sea.  The  high- 


Figure  3-1.  Light  Level  Under  Various 
Atmospheric  Conditions 
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George  O.  Lot,  et  al.,  World  Distribution  of  Solar  Radi¬ 
ation,  Solar  Energy  Laboratory.  Report  21.  University 
of  Wisconsin.  Madison.  WI,  1966. 


Figure  3*2.  Solar  Insolation,  January 
(Ref.  16) 

latitude  region  include*  eastern  Scandinavia  but  ex¬ 
cludes  the  western  coastal  regions  and  the  northern 
tundra. 

A  brief  climatological  description  of  these  four  loca¬ 
tions  is  included  in  pars.  3-5. 1  through  3-3.4.  The  para¬ 
graphs  also  contain  summary  weather  charts  for  each 
region,  which  are  broken  down  by  season  and  time  of 
day.  These  indicate  the  expected  values  of  temperature, 
relative  humidity,  absolute  humidity,  wind  speed, 
cloud  covet,  and  Patquili  stability  category.  F  vr  a  dis¬ 
cussion  of  Patquili  category  see  par.  2-8.2. 

Detailed  information  on  the  causes  and  frequency  of 
naturally  obscured  weathu  in  these  regions  is  included 
in  pars.  3-4  through  3-7  Frequency  of  occurrence  of 
transmittance  data  in  the  visible.  1R,  and  mmw  spectral 
regions  is  included  feu  cities  in  the  European  and 
Midrast  desert  regions.  These  transmittance  .Mta  per¬ 
mit  the  system  designer  to  gauge  the  variation  of 
atmospheric  transmittance  conditions  and  to  estimate 
how  often  the  system  may  encounter  marginal  trans¬ 
mittance  conditions. 

The  weather  data  and  transmittance  data  in  pars.  3-3 
through  3-7  were  provided  by  the  US  Army  Atmos¬ 
pheric  Sciences  Laboratory  (ASL)  and  are  based  on  the 
USAF  Air  Weather  Service  meteorological  data  base, 
the  ASL  EOSAELcomputer  code  (Ref.  S).  and  the  Glo 


Figure  3-3.  Mean  Cloudiness  in  Percentage 
of  Sky  Cover,  January  (Ref.  17) 


bal  Electro-Optics  Systems  Environment  Matrix 
(GEOSEM)  data  base  (Ref.  19). 

34. 1  TEMPERATE  ZONE  (EUROPEAN 
HIGHLANDS) 

The  area  included  in  the  European  highlands  region 
it  shown  in  the  shaded  area  of  Fig.  3-4.  “The  climate  of 
the  highlands  is  continental  in  nature,  but  topography 
plays  an  important  part  in  the  occurrence  of  adverse 
weather.  The  diversified  topography  is  characterised  by 
low  rolling  mountains  interspersed  with  long,  winding 
river  valleys.  This  area  represents  a  transition  between 
the  mild,  wet  winters  to  the  northwest  and  very  cold,  dry 
Soviet  winters.  This  region  is  influenced  by  both 
weather  regimes.  Precipitation  decreases  from  the  west 
to  the  east.  More  precipitation  occurs  in  the  summer 
than  in  the  winter."  (Ref.  3).  Summary  weather  statis¬ 
tic*  (or  the  highlands  are  shown  in  Table  3-12. 


3-3.2  TROPICS  (CENTRAL  AMERICA) 

Crntral  America  has  a  tropical  climate  strongly 
affected  by  the  trade  winds.  Thr  climate  has  two  distinct 


Figure  3-4.  European  Highland*  Region 
(Ref.  3) 
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TABLE  B-12 

EUROPEAN  HIGHLANDS  WEATHER  SUMMARY  CHART 
(Mean  value  of  observations  reported  over  a  10-year  period) 


Temper¬ 

ature 

r,°c 

Absolute 

Humidity  Visibility 
p,  g/ms  V,  km 

Wind 

Velocity* 

Mean/a, 

m/s 

Cloud 

Height, 

km 

Cloud 

Cover* 

Mean/u, 

% 

A 

Pasquill  Category** 

(%  of  observations  in  each  category) 
R  C  D  E 

F 

Spring 

Hours 

20-02 

5.8 

5.9 

11.5 

3. 1/3.5 

1.9 

54/40 

0.0 

0.0 

0.0 

41.2 

16.2 

42.6 

03-09 

4.3 

5.8 

9.6 

3. 1/3.5 

1.8 

63/39 

0.0 

4.2 

14.3 

55.1 

6.9 

19.5 

10-14 

9.0 

6.0 

12.9 

4.2/3.S 

2.1 

68/33 

2.4 

19.8 

17.6 

60.3 

0.0 

0.0 

15-19 

10.1 

5.9 

14.8 

4.1/3.2 

2.5 

67/32 

0.3 

5.1 

16.2 

66.2 

5.0 

7-1 

Summer 

Hours 

20-02 

14.2 

10.0 

12.2 

2.S/2.8 

2.2 

51/39 

0.0 

0.0 

0.0 

27.7 

16.0 

56.3 

03-09 

12.6 

9  8 

9.7 

2.S/2.9 

2.0 

56/39 

0.0 

13.5 

15.8 

38.5 

6.4 

25.9 

10-14 

18.3 

10.1 

13.9 

3.6/2.7 

2.1 

61/33 

8.7 

27.9 

21.4 

42.0 

0.0 

0.0 

15-19 

19.3 

9.9 

16.1 

S.5/2.7 

2.7 

61/32 

0.7 

10.7 

24.3 

64.3 

0.0 

0.0 

Fall 

Hours 

20-02 

9.1 

8.0 

9.7 

2.6/S.4 

1.6 

54/42 

0.0 

0.0 

0.0 

37.4 

13.4 

49.2 

03-09 

7.8 

7.7 

7.9 

2.6/S.3 

1.6 

63/39 

0.0 

0.0 

12.6 

53.3 

7.6 

26.4 

10-14 

12.3 

8.3 

11.3 

3.6/S.3 

2.1 

65/34 

1.6 

18.4 

22.7 

57.4 

0.0 

0.0 

15-19 

12.9 

8.3 

12.9 

3.3/32 

2.6 

62  35 

0.0 

3.7 

14.5 

49.9 

8.7 

23.2 

Winter 

Hours 

20-02 

0.4 

4.6 

8.1 

3.7  4.0 

1.2 

7337 

0.0 

0.0 

0.0 

63.7 

112 

25.1 

0309 

-0.2 

4.5 

7.7 

3.7/42 

1.1 

76  35 

0.0 

0.0 

0.0 

67.3 

10.3 

22.4 

10-14 

1.4 

4.7 

8.6 

4.1  4.0 

1.6 

78  31 

0.0 

5.7 

17.7 

76.5 

0.0 

0.0 

15-19 

1.8 

4.7 

9.2 

3.9/39 

1.7 

75  35 

0.0 

0.0 

7.2 

73.9 

6.6 

12.3 

•Entries  are  mean  standard  tlcviaiion. 

••For  a  discuuinn  of  Pasquill  category  mt  par.  2-8.2. 


phases:  a  dry  season  extending  from  January  through 
April  and  a  wet  reason  from  June  to  October  with 
transitional  seasons  between.  Rain  is  heavier  on  the 
Atlantic  side  than  on  the  Pacific  side  or  in  the  interior 
mountains.  Fog  seldom  occurs ou  the  coast;  the  interior 
stations  occasionally  have  shallow  morning  fogs,  which 
dissipate  quickly.  Dust  storms  may  be  stirred  up  by 
northers  in  the  dry  season;  these  cause  limited  visibility 
(Ref.  19). 

The  area  included  in  the  Central  American  climatol¬ 
ogy  is  shown  in  the  shaded  area  of  Fig.  3-5.  -summary 
weather  statistics  for  the  Central  American  interior 
region  are  shown  in  Table  3-13. 

3-3J  DESERT  (MIDEAST  DESERT) 

The  areas  included  in  the  Mideast  desert  climatology 
are  shown  in  the  shaded  area  ol  Fig.  3-6.  '  The  desert  Figure  5-5.  Central  American  Region 
regions  comprise  the  greatest  climatic  classification  in  (Ref.  10) 
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TABLE  3-13 

CENTRAL  AMERICAN  INTERIOR  WEATHER  SUMMARY  CHART 
(Mean  value  of  observations  reported  over  a  10-year  period) 


Wind  Cloud 

Temper-  Absolute  Velocity*  Cloud  Cover*  Pasquill  Category** 

ature  Humidity  Visibility  Mean/c,  Height,  Mean/a,  (%  of  observations  in  each  category) 

T,  °C  p,  g/m’  V,  km  m/s  Lm  %  A  B  C _ D _ E  F 


Spring 

Hours 

20-02 

22.7  12.1 

14.5 

2.2  1.7 

5.8 

64  35 

0.0 

0.0 

0.0 

25.8 

27.2 

47.0 

03-09 

22.2  12.4 

14.4 

1.5  1.8 

6.7 

66/27 

6.9 

18.6 

37.5 

21.5 

3.5 

11.9 

10-1-1 

28.6  12.1 

18.2 

3.0  2.0 

6.9 

66  20 

32.8 

27-6 

29.4 

10.2 

0.0 

0.0 

15-19 

28.0  12.1 

16.8 

3.3  2.1 

9.8 

70  23 

3.3 

17.4 

27.5 

51.8 

0.0 

0.0 

Summer 

Hours 

20-02 

21.0  11.9 

17.1 

1.6  1.9 

6.8 

73  27 

0.0 

0.0 

0.0 

21.3 

23.3 

55.4 

03-09 

21.0  15.1 

16.6 

1.6  5.8 

8.3 

74  21 

7.5 

16.6 

34.3 

26.3 

3.5 

11.8 

10-14 

26.1  1-1.0 

21.0 

3.2  2.1 

9.4 

74  17 

31.2 

22.0 

32.3 

14.4 

0.0 

0.0 

15-19 

25.6  11.2 

19.5 

3,0  2.3 

11.3 

77  18 

4.0 

16.8 

21.6 

41.1 

6.2 

10.2 

Fall 

Hours 

20-02 

19.1  15.3 

18.6 

2.2  2.0 

4.7 

59  34 

0.0 

0.0 

0.0 

27.1 

19.8 

53.1 

03-09 

18.9  15.2 

17.5 

2  1  2.2 

6.9 

65  27 

5.2 

13.9 

11.6 

29.5 

8.6 

31.8 

10-11 

21.5  15.3 

21.5 

3.7  2.9 

7.6 

69  22 

5.9 

28.5 

19.5 

46.1 

0.0 

0.0 

15-19 

23.9  15.4 

20.9 

3.1  2.2 

8.3 

69  23 

0.0 

8.1 

15.5 

43.6 

12.5 

20.3 

Winter 

Hours 

20-02 

20.1  13.8 

19.5 

2.7  2.7 

4.3 

44  35 

0.0 

0.0 

0.0 

24.0 

22.2 

53.8 

03-09 

19.1  13.6 

18.5 

2.1  2.3 

4.8 

53  30 

8.1 

16.5 

23.0 

25.4 

6.5 

20.4 

10-14 

25.8  14.2 

22.0 

4.0  2.5 

5.0 

59  25 

18.5 

22.7 

33.2 

25.6 

0.0 

o.o 

15-19 

26.0  14.3 

21.8 

4.0  2.5 

5.7 

57  26 

0.8 

9.5 

14.2 

47.4 

14.5 

13.6 

•Kmnes  ate  mean  vt.iml.iul  deviation. 

•*Kot  a  illvtiwlon  of  P.t\t|Oill  t.tlegotv  sec  (Ml . 


Figure  3-6.  M ideas)  Desert  Region  (Ref.  3) 


the  M  ideas!  an  , i  lioweti  t  oitr  t  annul  igooie  life  dil- 
frtritir  between  thf  desen  s  of  the  Ataktatt  Peninsula, 
the  high  ih-M'itv  of  liaii  and  Algh.miM.in.  the  Mcsopo- 


t.nuian  Plain,  anti  the  1  tans- Jordan.  The  main  differ- 
ernes  ate  tfie  temperature  regimes  and  the  frequency  ol 
octurrmr  of  dust.  Mean  daily  maximum  and  min¬ 
imum  irtnjvrraturex  in  summer  range  between  38°  to 
46p<;  and  20°  to  28JC.  in  the  (oldest  winter  month, 
usually  januaty.  aftrtuoon  tenqieratutrs  range  from 
the  mid-teens  to  the  mid-20's.  Ilowevet  they  drop  to 
altmtt  I0°C  in  the  highet  elevations.  Early  morning 
teuqM'tatures  in  January  tattge  front  5°C‘  to  the  low 
teens  nt(  ept  in  the  higher  elevations  where  somewhat 
lowet  values  prevail.  In  general,  diurnal  variations  in 
irnqietature  are  greatest  in  the  summer  .  Predominantly 
t  (ear  skies  promote  intense  solar  heating  by  day  and 
rapid  radiationil  tooling  by  night,  resulting  in  diurnal 
temperature  ranges  of  20°  to  25aC.  Temperatures  of 
38"C  or  higher  have  been  observed  as  early  as  Eebruary 
anti  as  late  as  Novrmbet.  Many  lowland  Itnations  have 
recorded  temperatures  between  15°  ami  50°C.  and 
iein|xratuTes  are  estimated  to  reach  as  high  as  57°C  in 
imrtiuns  of  Saudi  Arabia.  Sandstorms  and  dustsiotms 
are  iin|MUtant  tliinatu  featurrs  of  the  desert  regions. 
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TABLE  3-14 

MIDEAST  DESERT  WEATHER  SUMMARY  CHART 
(Mean  value  of  observations  reported  over  a  10-year  period) 


Temper¬ 

ature 

T,  °C 

Absolute 

Humidity  Visibility 
P,  g/m*  F,  km 

Wind 

Velocity* 

Mean/o, 

m/s 

Cloud 

Height, 

km 

Cloud 

Cover11 

Mean/o, 

% 

A 

Pasquill  Category** 

(%  of  observations  in  each  category) 
B  C  D  E 

F 

Spring 

Hours 

20-02 

15.9 

7.1 

15.7 

3.2/S.2 

1.3 

32/36 

0.0 

0.0 

0.0 

27.2 

21.9 

51.0 

03-09 

14.9 

7.2 

14.4 

2.9/3. 1 

1.6 

35/36 

3.0 

14.7 

21.9 

33.0 

6.6 

20.8 

10-14 

21.9 

7.0 

15.4 

4.0/3.5 

1.7 

42/35 

18.0 

25.5 

25.3 

31.2 

0.0 

0.0 

15-19 

23.5 

6.7 

14.5 

4.5/S.7 

1.9 

47/35 

1.7 

8.8 

20.2 

61.8 

2.5 

5.0 

Summer 

Hours 

20-02 

25.2 

9.5 

16.6 

3.5/3. 3 

0.5 

10/22 

0.0 

0.0 

0.0 

23.6 

23.8 

52.6 

03-09 

24.3 

9.4 

15.1 

S.l/3.2 

0.6 

11/23 

5.7 

18.8 

23.3 

31.2 

5.1 

16.0 

10-14 

32.1 

9.3 

16.0 

4. 1/3.3 

0.7 

13/23 

27.1 

28.0 

32.1 

12.8 

0.0 

0.0 

15-19 

34.9 

8.4 

14.7 

4. 7/3.5 

0.7 

14/23 

3.6 

13.4 

26.0 

53.7 

0.9 

2.3 

Fall 

Hours 

20-02 

17.4 

7.9 

16.4 

2.52.7 

0.8 

19/30 

0.0 

0.0 

0.0 

14.9 

18.8 

66.3 

03-09 

16.0 

7.6 

15.0 

2.2  2.6 

1.0 

21  31 

1.1 

15.8 

21.2 

19.4 

7.0 

35.5 

10-14 

23.8 

7.6 

16.2 

3.1  3.0 

1.2 

26  31 

14.4 

37.2 

24.7 

23.8 

0.0 

0.0 

15-19 

25.4 

7.0 

15.3 

3. 2/3.2 

1.2 

26  31 

0.9 

10.8 

22.8 

41.3 

5.2 

18.9 

Winter 

Hours 

20-02 

6.6 

5.4 

14.9 

2.7  2.9 

1.2 

38  39 

0.0 

0.0 

0.0 

26.7 

19.0 

54  4 

03-09 

5.1 

5.2 

13.3 

2.5  3.0 

1.5 

42  39 

0.0 

7.8 

19.3 

34,6 

7.6 

30.6 

10-14 

10.9 

5.1 

14.7 

3.3  3.4 

1.7 

48  37 

5.0 

24.9 

27  1 

43  0 

0.0 

0.0 

1519 

11.7 

5.3 

14.3 

5.2  5.3 

1.8 

48  37 

0.0 

5.4 

16.7 

47.0 

8.8 

22.0 

•Fntriri  are  mean  standard  deviation. 

•*F«t  a  disc  ussiott  of  Pasquill  tatt-goiy  sot  pat.  2-8.2. 


Bet  ausr  ol  the  vast  area  «>(  the  desert.  the  effet  t*  of  these 
storms  are  felt  in  the  other  climatic  regions.  Visibilities 
ate  greatly  reduced  ai  times.  Dusistortiis  arc  most  fre¬ 
quent  in  the  summer  ami  especially  »t»  the  deep  nit 
areas  of  (he  Tigtis-Kuphtates  basin,  With  the  minor 
heat  ol  summer,  strong  convex  live  currents  over  the  area 
lift  dust  to  great  heights,  and  if  the  winds  aloft  ate 
strong,  the  dust  is  tarried  great  distances.  The  top  of  the 
dust  layer  rouhl  extend  above  4500  m  and  remain  tus- 
(tended  for  days.  A  hazard  to  am  raft  operations  im  « tin 
when  surface  visibility  improves  but  the  dust  layer  soil 
prevents  the  aittraft  from  seeing  the  ground  until  the 
aircraft  descends  below  200  m."  (Ref,  3t.  Summary 
weather  statistic  s  (or  the  Mideast  desert  region  arr  given 
in  f  able  S-N. 

3-3.4  HIGH-LATITUDE  NORTHERN 
ENVIRONMENT  (SCANDINAVIA) 

The  Scandinavian  climate  is  strongly  controlled  by 
topography  and  air  circulation  patterns.  The  actual 


weather  saries  widely  from  one  tegion  to  atioibet 
fret  ause  of  the  intensity  and  (Mthsoi  low  pressure  cen¬ 
ters.  the  Scandinavian  mountain  t  train  pursuits  a  (Mi¬ 
rier  to  weather  systems  moving  from  the  southwest. 
Scandinavia  is  very  cloudy  withe  loud  tovn  avetugiug 
65-80% of  ’.he  intteon  the  coasts,  f  og  occ  ot\ often  m  the 
mountains  and  in  rrgiomof  southetn  Sweden  (Ref.  Iff) 

1  he  ,V  andtnas  iatt  region  is  shosvtt  in  the  shaded  atea  of 
Fig.  .1-7.  Sutnm.ity  weather  statistics  lor  tire  eastern 
Scandinavian  regum  an  me  fueled  in  Table  3-15. 

3-4  FREQUENCY  OF  OCCURRENCE 
OF  NATURAL  OBSCURAT’  )N 
FACTORS  IN  THE  EUROPEAN 
HIGHLANDS 

The  frequency  of  occurrence  data  presented  ’  tins 
(satagraph  for  the  turopean  highlands  are  from  tire 
(TOSKM  meteorologti.il  data  base  devefoped  by  the 
I'S  Army  ASL  using  data  from  t‘SAF  Ait  Weather 
Service  Fnvirontnental  l  et  finical  Applications  (enter 
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TABLE  3-15 

EASTERN  SCANDINAVIA  WEATHER  SUMMARY  CHART 
Mean  value  of  observations  reported  over  a  10-year  period) 


Wind  Cloud 

Temper-  Absolute  Velocity*  Cloud  Cover*  Pasquill  Category** 

ature  Humidity  Visibility  Mean/o,  Height,  Mean/o,  (%  of  observations  in  each  category) 


T,°C 

P,  g/m5 

V,  km 

m/s 

km 

% 

A 

B 

c 

D 

E 

F 

Spring 

Hours 

20-02 

0.2 

4.1 

27.0 

S.0/2.0 

1.5 

61/40 

0.0 

0.0 

0.0 

44.5 

18.4 

37.1 

03-09 

-0.8 

4.1 

24.1 

3. 1/2.3 

1.5 

67/40 

0.0 

6.3 

14.7 

58.7 

7.5 

12.8 

10-14 

4.0 

4.1 

30.2 

45/2.3 

1.6 

70/32 

0.8 

13.0 

17.0 

69.1 

0.0 

0.0 

15-19 

4.9 

4.1 

32.7 

4. 3/2.0 

2.2 

68/32 

0.0 

1.9 

18.2 

69.0 

6.2 

5.2 

Summer 

Hours 

20-02 

10.6 

8.0 

31.2 

2.7  1.9 

1.9 

57/36 

0.0 

0.0 

5.1 

45.5 

14.6 

34.8 

03-09 

10.0 

8.1 

28.1 

28/2.0 

1.9 

62/36 

0.0 

5.2 

28.4 

59.5 

1.9 

5.1 

10-14 

15.0 

7.9 

35.5 

4.3/ 2.0 

2.0 

67/31 

0.3 

14.5 

19.9 

65.3 

0.0 

0.0 

15-19 

15.6 

7.9 

38.1 

4.2  2.2 

2.9 

63  31 

0.0 

1.7 

21.2 

74.9 

0.7 

1.5 

Fall 

Hours 

20-02 

2.0 

5.3 

24.0 

3.2  2.1 

1.1 

69  39 

0.0 

0.0 

0.0 

59.1 

16.2 

24.7 

03-09 

1.7 

5.3 

21.5 

3.2/22 

1.1 

74  36 

0.0 

0.0 

79 

73.3 

6.9 

12.0 

10-14 

4  4 

5.5 

26.2 

4.0-  2.2 

1.3 

76/30 

0.0 

2.8 

17.0 

80.2 

0.0 

0.0 

15-19 

4.7 

5.6 

28. 1 

3.6  2.2 

1.8 

74  32 

0.0 

00 

5.6 

77.2 

6.7 

10.5 

Winter 

Hours 

20-02 

-5.8 

3.3 

18.9 

3.5  2.7 

1.0 

73  59 

0.0 

0.0 

0.0 

65.6 

11.8 

22.6 

03-09 

-6.0 

3.3 

16.7 

3.4  2.4 

1.0 

76  37 

0.0 

0  0 

2.1 

69.1 

9.5 

193 

10- H 

-4.2 

3.4 

19.3 

3.8  2.4 

1.2 

76  33 

0.0 

1.4 

14.8 

80.9 

0.7 

2.2 

15-19 

■33 

3.6 

20.6 

3.7  2.4 

1.4 

74  35 

0.0 

0.0 

1.5 

71.4 

10.4 

16.7 

•Entries  art*  mean  standard  deviation. 

••For  a  dm uvvton  id  Pavqnitl  tairgoty  we  |w>.  2-8.2. 


Figure  3-7.  Eastern  Scandinavian  Region 
(Ref.  19) 


(F  I  AC)  meteurologital  observations.  Atmosphere 
transmittance  data  were  developed  by  ASt.  using  FT  AC 
data  lor  individual  meteorological  stations  within  a 
larger  climate  region;  the  data  represent  frequent  y  ol 
ot  tor  rente  lor  that  station  lot  at  ion  and  n<u  necessarily 
lor  the  larger  climatic  area. 

Fig.  1-8  presents  trrquem  v  ol  .h  i  tutence  til  obsc  ma¬ 
'am  at  a  luflt  lion  of  season,  time  ol  tlay  time  periods), 
.md  visibility « lass  (levs  than  I  km,  I  to  3  km.  3  to  7  km, 
and  7  km  or  higher).  Table  3-16  guvs  a  breakdown  ol 
the  I rrqoetw  ifs  ol  .h  « urrent  r  by  t  ategot  tes:  ( 1 )  fog.  hare, 
tir  mist,  (tl)  dust.  (Ill)  dmrle,  rain,  or  thunderstorms. 
(IV  )sru»w.(V)t !  it  weather  with  humidity  less  than  10 
g  in',  (V|i  ilrar  weather  with  humidity  equal  it*  or 
ettirethng  10  g  m'.  (VII)  t riling  'ess  than  300  m.  and 
(VIII)  t  riling  I  ss  than  300  m  with  visibility  less  than  I 
km. 

In  addition,  representative  (requeue  \  ol  e*  t  u»i*n»r  ol 
tiansnoitaOti  graphs  generated  bv  AM.  are  tm  iudrd  lor 
the  F  ulda  gap  region  within  the  highlands  region.  The 
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TABLE  3-16 

EUROPEAN  HIGHLANDS  OBSCURATION  STATISTICS 
Total  Percentage  of  Occurrences* 

(%  to  nearest  tenth) 


Winter 

Spring 

Category 

Time 

Category 

Time 

20-02 

03-09 

10-14 

15-19 

03-09 

10-14 

15-19 

I 

39.0 

41.4 

38.3 

34.4 

I 

20.0 

34.1 

18.5 

12.0 

II 

1.4 

1.1 

1.9 

2.1 

11 

1.4 

2.0 

2.5 

1.5 

III 

15.6 

16.0 

16.5 

16.0 

III 

i*t.9 

15.1 

15.9 

17.0 

IV 

10.3 

11.2 

12.3 

10.2 

IV 

4.3 

5.6 

5.9 

4.6 

V 

35.4 

32.5 

33.3 

39.1 

V 

58.8 

45.7 

56.3 

63.8 

VI 

0.0 

0.0 

0.0 

0.0 

VI 

1.3 

0.7 

2.0 

1.9 

VII 

26.1 

30  6 

28.6 

23.1 

VII 

9.1 

14.1 

11.5 

8.3 

VIII 

9.1 

10.8 

9.2 

7.1 

VIII 

3.0 

4.8 

2.9 

2.4 

Summer 

Autumn 

Time 

Time 

Category 

20-02 

03-09 

10-14 

15-19 

Category 

20-02 

J?-09 

10-14 

15-19 

I 

19.2 

36.8 

14.8 

8.2 

I 

36.9 

49.8 

31.8 

21.9 

11 

1.1 

1.6 

1.6 

0.8 

II 

1.0 

0.9 

1.9 

1.4 

III 

15.7 

13.7 

14.8 

17.2 

III 

14.0 

14.5 

14.7 

14.9 

IV 

00 

n.o 

0.0 

0.0 

IV 

0.3 

0.6 

0.4 

0.5 

V 

38.5 

31.4 

39.0 

43.3 

V 

40.6 

30.9 

41.0 

48. t) 

VI 

26.0 

.7.1 

30.3 

31.0 

V! 

7.8 

4.1 

10.9 

13.6 

VII 

6.2 

11.4 

8.8 

5.7 

VII 

12.3 

21.8 

16.9 

9.1 

VIII 

2.1 

4.2 

1.8 

1.5 

VIII 

5.6 

11.5 

5.4 

2.9 

•Sum  totals  may  be  more  than  100%  as  coexisting  phenomena  were  counted  in  their  proper  category;  therefore,  some  observations 
were  counted  twice. 


graphs,  in  Fig.  3-9,  show  cumulative  transmittance  fre¬ 
quency  for  0.55,  1.06,  3-5,  10.6,  and  8-l2gm,  and  35  and 
9*1  GH/„  Mu  se  graphs  show  •.ransniittanceovcra  range 
of  2  km  between  the  ground  and  a  point  at  an  angle  ol  20 
deg  above  ground  (20-dog  look  angle)  lor  four  times  of 
day,  local  standard  time  (l.S  l  ).  The  turves  for  each 
spectral  band  plot  transmit  lance  in  that  spetttal  band 
against  cumulative  frequency  of  t  ai'smitumce — the 
percentage  of  the  time  dun  the  transmittance  is  the 
indicated  value  or  lower.  For  ail  interpretation  of  how 
to  use  the  (  harts,  consider  the  figu  -  for  Fulda  at  2100 
hours.  The  3-5  fxm  transmittance  curve  (dotted  line) 
indicates  a  t  utmil.iuvc  frequent  y  ol  25%  for  t  tt  imanii- 
tance  of  0.1,  and  a  cumulative  frequency  of  100%  lot  a 
transmittance  of  0.15.  This  means  that  the  transmit¬ 
tance  is  10%  or  lower  one  fourth  of  the  time,  anti  rate1, 
exceeds  15%,  at  midnight  in  Fulda,  over  this  2-km  path. 

3-5  FREQUENCY  OF  OCCURRENCE 
OF  NATURAL  OBSCURATION 
FACTORS  IN  CENTRAL  AMERICA 
(INTERIOR  REGION) 

This  paragraph  contains  the  same  formats  for  Cen¬ 
tral  America  as  par.  3-4  contained  for  Europe,  except 


tor  the  lack  of  frequency  of  occurrence  of  transmit¬ 
tance  data. 

Fig.  3-10  presents  frequency  of  occurrence  as  a  func¬ 
tion  of  season,  time  of  day,  and  visibility  class.  Table 
3-17  gives  a  breakdown  of  the  frequencies  of  ott  urrcnce 
by  categories:  (I)  fog,  ha/e,  or  mist,  (It)  dust,  (III)  driz¬ 
zle,  rain,  or  thunderstorms,  (IV)  snow.  (V)  that 
weather  with  humidity  less  than  10  g  in'.  (VI)  cleat 
weather  with  humidity  equal  tool  ext  ceding  10  g  in', 
(VII)  ceiling  less  than  300  in,  and  y \‘ 1 1 1 )  ceiling  less 
than  300  m  with  visibility  less  than  1  km. 

3-6  FREQUENCY  OF  OCCURRENCE 
OF  NATURAL  OBSCURATION 
FACTORS  IN  THE  MIDEAST 
DESERT 

I  bis  paragraph  contains  the  obv  uiation  licqncm  \ 
data  for  the  Midi  si  desen  area.  t  ig.  3-1 1  picsrms  lie 
quency  of  occurrence  as  a  him  non  ol  season,  time  c»( 
clay,  and  visibility  class  (less  chan  1  km,  1  to  3  km,  .1  to  7 
km,  and  7  km  cm  higher).  I  able  3-18  gives  a  breakdown 
of  lire  frequencies  of  occurrence  by  can-got  to:  (I)  log. 
haze,  or  mist.  (II)  dust,  (111)  drizzle,  rain,  oi  thunder¬ 
storms,  (IV)  snow.  (V)  cleat  weather  with  humiclm  le-> 
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Cumulative  frequency,  %  Cumulative  Frequency, 
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TABLE  3-17 

CENTRAL  AMERICAN  INTERIOR  OBSCURATION  STATISTICS 
Total  Percentage  of  Occurrences* 

(%  to  nearest  tenth) 


Winter 

Spring 

Category 

Time 

Category 

Time 

20-02 

03-09 

10-14 

15-19 

20-02 

03-09 

10-14 

15-19 

I 

45.4 

58.0 

54.9 

42.0 

I 

16.5 

44.7 

36.8 

26.5 

II 

0.0 

0.6 

0.3 

1.8 

II 

0.9 

1.9 

1.2 

2.1 

III 

14.1 

10.8 

10.4 

14.7 

III 

46.8 

10.4 

11.8 

29.0 

IV 

0.0 

0.0 

0.0 

0.0 

IV 

0.0 

0.0 

0.0 

0.0 

V 

5.3 

2.9 

9.3 

12.9 

V 

2.0 

1.1 

2.4 

5.4 

VI 

32.5 

25.2 

22.1 

25.7 

VI 

26.6 

35.3 

38.0 

28.1 

VII 

1.7 

1.7 

0.0 

0.7 

VII 

1.1 

0.9 

0.0 

0.6 

VII 

0.4 

0.2 

0.0 

0.1 

VIII 

0.0 

0.0 

0.0 

0.0 

Summer 

Autumn 

Category 

Time 

Category 

Time 

20-02 

03-09 

10-14 

15-19 

20-02 

03-09 

10-14 

15-19 

I 

29.4 

70.7 

59.8 

38.2 

I 

54.9 

68.0 

58.2 

46.2 

U 

1.3 

1.4 

1.5 

3.7 

II 

0.6 

1.3 

0.9 

2.3 

Ill 

58.3 

18.8 

23.5 

43.4 

HI 

27.1 

17.5 

24.0 

33.3 

IV 

0.0 

0.0 

0.0 

0.1 

IV 

0.0 

0.0 

0.0 

0.0 

V 

0.1 

0.2 

0.4 

0.7 

V 

1.2 

0.7 

2.4 

2.0 

VI 

9.1 

7.3 

11.5 

11.9 

VI 

15.1 

10.3 

12.0 

14.9 

VII 

1,5 

2.5 

0.5 

0.8 

VII 

3.2 

3.2 

2.2 

1.1 

VIII 

0.1 

0.2 

0,0 

0.1 

VIII 

1.0 

0.5 

0.0 

0.0 

•Sum  ii it. i K iiki>  be mutt- than  lOOVtstnevisiuigitht'iimitcii.t  wntunimiil  m  thru  |iiii|m  i  i ,iugui> ,  itirirlmr,  sutttr  observations 
weir  <<  millet  I  twite. 


than  lOg  in'.  (Vl)cleurtvruihft  with  humidity equal  to 
o»  exterding  |0g  in  .(Vil)tciliug  less  than  300  m.  ami 
t  riling  less  than  .100  in  with  vistbilic.  It*.*  than  I 
km. 

Ill  .nlilllliill.  1 1 1<  1 1  III  II  \  ill  iNitlllrllii'  ill  IMIIMIIII' 
i.inn  v;i.i|ilt'  mini  .iiril  In  All.  .nr  itii  I  i  it  led  lm  Hvi 
lull,  .1  Mnli  .ivi  i  it \  in  ilir  high  lim  it  pl.Hi.m  nl  It. in 
I  III- i{l.l|illo  ill  l-li*.  .1-12  shots  ll.illMillll.ini  i  Iiii|iii  iIi  \ 
t<n  0  *i‘i,  !  IHi.  i-'i,  |(Mi,  .uni  H-I2pttt.  ,iml  1j  .uni  01 
Ml/ 


3-7  FREQUENCY  OF  OCCURRENCE 
OF  NATURAL  OBSCURATION 
FACTORS  IN  SCANDINAVIA 
(EASTERN  REGION) 

Tim  |Ktragra|>h  contain*  the  nine  mutton  frequent  y 
ilutu  for  not thrtn  Scandinavia.  Fig.  1-11  present*  hr- 
qurtuy  of  occur  rente  a*  a  (urn  turn  of  season.  time  of 
day.  and  visibility  c  lavs  (less  than  I  km.  I  to  1  km.  1  to  7 
km.  and  7  km  or  higher).  Table  3-19  somma tires  the 
frequency  of  occurrence  by  categories:  (1)  fog.  hare,  or 
mist.  (II)  dust.  (Ill)  mirrle.  rain,  or  thunderstorms.  (IV) 
snow.  (V)  cleat  weather  with  humidity  less  than  10 
g  m\  (VI)  clear  weather  with  humidity  equal  to  or 
exceeding  10  g  in'.  (VII)  ceiling  less  than  300  in.  and 
(VIII) ceiling  less  lhan  300  in  with  visibility  less  lhan  I 
km. 
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TABLE  3-18 

EUROPEAN  HIGHLANDS  OBSCURATION  STATISTICS 
Total  Percentage  of  Occurrences* 

(%  to  nearest  tenth) 


Winter 

Spring 

Category 

Time 

Category 

Time 

20-02 

03-09 

10-14 

15-19 

M2 a 

03-09 

10-14 

15-19 

I 

5.8 

13.2 

9.0 

4.9 

I 

2.0 

7.1 

4.4 

2.9 

II 

2.0 

3.0 

4.5 

5.0 

II 

4.6 

6.2 

8.5 

8.1 

III 

6.3 

5.5 

5.0 

5.4 

III 

5.9 

4.4 

4.4 

5.5 

IV 

2.0 

2.0 

2.1 

1.7 

IV 

0.4 

0.4 

0.4 

V 

81.7 

74  ' 

76.4 

81.5 

V 

75.5 

70.6 

72.0 

74.3 

VI 

2.2 

1.8 

2.9 

2.6 

VI 

11.8 

11.4 

10.5 

VII 

2.7 

4.2 

4.2 

3.4 

VII 

1.0 

1.5 

1.8 

VIII 

0.9 

1.8 

0.9 

0.6 

VIII 

0.2 

0.3 

0.3 

Summer 

Autumn 

Category  | 

Time 

Category 

Time 

20-02 

03-09 

10-14 

15-19 

20-02 

03-09 

10-14 

15-19 

I 

1.9 

7.4 

5.4 

3.8 

I 

2.0 

8.2 

5.6 

3.0 

II 

2.7 

4.9 

7.1 

7.3 

II 

1.5 

2.8 

4.0 

3.3 

III 

1.8 

0.8 

0.8 

1.0 

III 

3.8 

2.4 

2.3 

2.6 

IV 

0.0 

0.0 

0.0 

0.0 

IV 

0.1 

0.1 

0.0 

0.0 

V 

60.0 

58.2 

59.9 

69.8 

V 

69.9 

68.9 

70.5 

78.8 

VI 

33.6 

28.8 

26.7 

18.0 

VI 

22.4 

17.6 

17.5 

12.2 

VII 

0.3 

0.5 

0.3 

0.4 

VII 

0.5 

0.7 

0.7 

0.7 

Vlll 

0.1 

0.1 

0.1 

0.1 

VIII 

0.1 

0.2 

0.1 

0.1 

•Sum  iot4l*  may  brmoir  than  lOGS  um tint i*tiug  phrnnmriu  vmrmuntrtl  in  ihcii  ptoprt  t  un-gur);  therefore.  untie  nb%rrv'ttinn* 
were  counter!  twite. 
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Figure  3-11.  Mideast  Desert,  Frequency  of  Natural  Obscuration. 
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Transmittance  T(\),  dimensionless 
2  he  Range,  20  deg  elevation  Angle 

(A)  Efsahan,  Iran,  Morning  Nautical  Twilight 


Transmittance  T(\),  dimensionless 
2  km  Range,  20  deg  Elevation  fegla 

(B)  Efsahan.  Iran.  1300  Hours 

Figure  5-12.  Frequency  ol  Occurrence  o I  Tnnsmitunce,  M  ideas  I  Desert  (Ref.  20) 

(turn'd  on  !K**t  uttgr) 
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Figure  5-13.  Eastern  Scandinavia,  Frequency  of  Natural  Obscuration 
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Figure  5*13  (corn'd) 
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TABLE  3-19 

EASTERN  SCANDINAVIA  OBSCURATION  STATISTICS 
Total  Percentage  01  Occurrences* 

(%  to  nearest  tenth) 


Winter 


Category 

Time 

20-02 

03-0? 

10-14 

15-19 

I 

13.1 

15.5 

13.8 

13.5 

II 

0.0 

0.0 

0.0 

0.0 

III 

8.9 

8.8 

8.3 

9.8 

IV 

.30.6 

30.0 

32.9 

26.8 

V 

46.7 

45.4 

44.6 

49.5 

VI 

0.0 

0.0 

0.0 

0.0 

VII 

368 

40.2 

33.1 

29.5 

VIII 

2.7 

3.8 

2.5 

1.6 

Summer 


(aiegory 

Time 

20-02 

03-09 

10-U 

15-19 

1 

13.7 

20.5 

5.8 

3.7 

II 

0.1 

0.0 

0.0 

0.1 

III 

15.9 

14  8 

19.3 

20.4 

IV 

0.4 

08 

07 

0.4 

V 

57.2 

52  4 

61  K 

62.3 

VI 

12.4 

11.0 

12.1 

12.3 

VII 

8.7 

16.1 

7.1 

4.1 

VIII 

0.5 

19 

0  1 

0.1 

Spring 


Category 

1  Time 

20-02 

03-09 

10-14 

15-19 

I 

10.8 

17.6 

7.9 

5.2 

II 

0.0 

0.0 

0.0 

0.0 

III 

11.9 

9.2 

10.8 

13.2 

IV 

10.2 

13.7 

14.0 

11.1 

V 

66.4 

58.8 

66.7 

69.3 

VI 

0.0 

0.0 

0.0 

0.0 

VII 

18.2 

25.3 

14.2 

10.3 

VIII 

1.7 

1.1 

0.4 

0.3 

Autumn 


Category 

Time 

20-02 

03-09 

10-14 

15-19 

I 

15.8 

22.2 

IS  I 

12.0 

II 

O.O 

0.0 

0.0 

0.0 

III 

17.4 

164 

18.8 

198 

IV 

8.8 

9.7 

10.7 

7.1 

V 

57.7 

51.5 

57.1 

60.5 

VI 

O.C 

00 

00 

0.0 

VII 

28.5 

55.6 

27.8 

20.9 

VIII 

3.1 

5.9 

3.3 

2x 

•Stint  i«»u|t  may  be  more  than  |00\  utxivuhr  jihrnumrru  wnmiuiunt  in  iltrit  i  ;  (Hcteforr.  •softH'tibM'fvaiHim 

were  (iMintnl  twnr. 


REFERENCES 


I  F.  X.  Knriry*.  rt  ill..  .itmxsphr n<  T re.ui.  'itteniv 
Had  tar.tr  ('.am pair*  (Unit  /.OIK  774.4 Af  V  AF'(»i  .- 
TR -80-0067.  I  S  Air  Knr«r  <»ct>pbv*i«  <*  labmamry. 
ilanwomb  A  KB.  MA.  1980 

2.  It.  J.  P.  Smith,  rt  ;tl.  A.fNlf  >/>/-  .Htttos- 
phrtu  .Signature  t.iulr  tSprt  Ifni  Ttamouhatur 

mud  Hadutturi.  AKGI  •  TR-QQ67,  I’S  Ate  Kotvr 
(•euplmutt  abmatmy.  t '  inttomb  A  KB.  MA.  19/11. 

.1  Uni««  »  Dnman.  rt  al .  rOMHt.  *2.  AM  I  R 
0122.  t‘S  Army  Atmutpitrfh  -Sorort  laboratory. 
White  Sami*  Mmilr  Range.  NM.  I9S2. 

I  R  Ptnnti k,  r  t  al..  Hrlaliomhtps Rrlwrrn IR  f.xtnu ■ 
turn.  Ahsotptwn.  and  I.UfUtd  i.'untrnt  vj 

fog*.  ASI.  KR-0037. 1’S  Army  Aimmphrtu  Stir  it- 
m  laboratnrt.  White  Sandt  Mi«ilr  Range.  NM, 
I ‘>79 

5.  Mat  mu  0  Kavt.  et  al.,  Qu*/tMfnr  Ikrutiptvtn  «/ 
Obu  uulum  bat  for*  *n  b.uraftr.  ASI.  Mttno- 

giaph  No.  I.  i‘S  Attm  .\tm*H|R»rin  Virtun 
I  almtiiiiHV.  Whttr  Samlt  Motile  Range.  NM.  1900 

lit) 


6.  j.  O.  law*  ami  D.  A.  Parana*.  "  J"hr  Relation  o! 
Raindrop*  to  Intrntm'  .  Iran*.  AM.  Geophyv 
tmon  24, 11.2(194,1). 

7.  VjiMuml  A.  Wakhogrl.  'Ramuiop  Sire  Diwnbu- 
rtwn  and  .Sampling  Siee  Ktr«*r»".  J.  Atmot.  Su.  2t. 
566(1969). 

8  .  IT  R.  Bwwn.  “An  Km(Miual  Miwlel  lor  Neat  Mil* 
limrtrt  Wave  Snow  K.xtin.  -ion  ami  Baeku  alter", 
/*ro<  rrdirtgi  of  l*S2  -It nr,  \nftur  Confrrrnrr. 
Wr*t  Point.  NY.  19M 

9.  K.  M  Pattaum  and  i).  A.  Gillette.  Mtaunrmmlx 
of  Visibility  to.  Mau-Cont  miration  /nr  .Utbotnr 
Soil  Patht  Us,  I  of.  II.  National  Outer  lor  Alton*- 
jrbrtir  Retearth.  Rmthlri.  C^).  1978. 

10.  OB  tioidalr.  rt  al..  .4  Study  of  Alnnnphnu  Ihtsl. 
FA  ..lM-5067.  Atmmphrrn  Stir  met  laboratory. 
White  Sandt  Mittile  Range.  NM.  1967 

11.  William  1..  Wolfe  ami  (icirtgr  J.  /ittit.  Fdv.  The 
Infratrd  Handbook.  0(1  it  e  ol  Natal  Rrteatih. 
Arlington.  VA.  1978. 


DOD-HDBK-178(ER) 


12.  M.  B.  Richardson,  A  General  Algorithm  for  the 
Calculation  of  Laser  Beam  Spreading,  ASL-TR- 
0116.  US  Army  Atmospheric  Sciences  Laboratory, 
White  Sands  Missiie  Range,  NM,  1981. 

13.  Frederick  G.  Gebhardt,  Development  of  Turbu¬ 
lence  Effects  Models,  Science  Applications,  Inc., 
Ann  Arbor,  MI,  1980. 

14.  D.  S.  Bond  and  F.  P.  Henderson,  The  Conquest  of 
Darkness,  David  Sarnotf  Research  Center,  Prince¬ 
ton,  NJ,  1963. 

15.  T.  J.  V.  Schie,  Nocturnal  Illumination  and  Decrease 
of  Contrast  in  the  Atmosphere,  TNO,  Amsterdam, 
Netherlands,  1969. 

16.  George  O.  Lof.  et  al.,  Worldwide  Distribution  of 
Solar  Radiation,  Solat  Energy  Laboratory,  Univer¬ 
sity  of  Wisconsin,  Madison,  VV'I,  1966. 


17.  William  L.  Wolfe,  Ed.,  Handbook  of  Military 
Infrared  Technology,  Office  of  Naval  Research, 
Washington,  DC,  1965. 

18.  Ralph  Shapiro,  Solar  Radiative  Flux  Calculations 
from  Standard  Surface  Meteorological  Observa¬ 
tions,  AFGL-TR-82-0039,  US  Air  Foice  Geophys¬ 
ics  Laboratory,  Hanscomb  AEB,  MA,  1982. 

19.  Bruce  Miers,  Grose rn  Worldwide  Data  Base,  US 
Army  Atmospheric  Sciences  Laboratory,  White 
Sands  Missile  Range,  NM,  1981. 

20.  F.  M.  D'Arey  and  E.  P.  Avara,  Slant  Path  Atmos¬ 
pheric  Transmission  Statistics  for  Visible  Through 
Millimeter  Wavelengths,  ASL-TR-0154,  US  Aimy 
Atmospheric  Sciences  Laboratory,  White  Sands 
Missile  Range,  NM,  1981. 


BIBLIOGRAPHY 


Meteorology  and  Climatology 

R.  E.  Muse  like,  Atmosphcrn  I  'isual  and  infrared  Trans¬ 
mission  Deduced  from  Surface  Weather  Observa¬ 
tions:  Weather  and  Warplanes  VI,  Rand  Corpora¬ 
tion,  Santa  Monica,  CA,  1976. 

Marvin  D.  Kays,  et  al.,  Qitalitative  Description  of  Ob¬ 
scuration  Factors  in  Central  Europe,  ASL  Mono¬ 
graph  No.  4,  US  Army  Atmospheric  St  iciucs  Labor¬ 
atory,  White  Sands  Missiie  Range.  NM,  1980. 

R.  J.  List,  Smithsonian  Meteondognul  Tables,  Smith¬ 
sonian  Institution,  Washington,  DC,  1966. 

George  ().  Lof,  et  til.,  Worldwide  Distribution  of  Solar 
Radiation,  Solar  Energy  Laboratory,  University  ol 
Wisconsin,  Madison,  WI,  1966. 

Bruce  Miers,  Geosrm  Worldwide  Data  Base,  US  Army 
Atmosphc:  it  Sciences  Laboratory,  White  Sands  Mis¬ 
sile  Range,  NM,  1981, 

Ralph  Shapiro,  Solar  Radiative  Flux  (tabulations 
from  Standard  Surface  Meteorological  Observations, 
AFGL-TR  82-0039,  US  Air  Force  Geophysics  I  .abort- 
tory,  Hanscomb  AEB,  MA,  1982. 

William  Wolfe,  Ed.,  Handbook  of  Military  Infrared 
Technology,  Office  of  Naval  Research.  Arlington, 
VA,  1965. 

Optical  Propagation 

Louis  I),  Duncan,  et  al„  EOSAF.L  S',  ASL-TR-0I22, 
US  Army  Atmospheric  Sciences  Laboratory,  White 
Sands  Missile  Range,  NM,  1982. 

Marvin  D.  Kays,  et  al.,  Qualitative  Description  of  Ob¬ 
scuration  Factors  in  Central  Europe,  ASL  Mono¬ 
graph  No.  4,  US  Army  Atmospheric  Sc  iences  Labor¬ 
atory,  White  Sands  Missile  Range,  NM,  1980. 


F.  X.  Kneuys,  et  al..  Atmospheric  Transmittunie 
Radiance  Computer  Code  EOWTRAN  >,  AEGL- 
TR -80-0067.  I  S  Air  Foice  Geophysics  laboratory, 
Hanscomb  AEB.  MA,  1980. 

Fail.  J  McCartney,  Optus  of  the  Atmosphere,  John 
Wiley  it  Sons,  New  York,  NY,  1976. 

W.  F  K  Middleton,  Visum  Through  the  Atmosphere. 
Uni  vet  sity  ol  Tot  onto  Press,  It  non  to.  Canada,  1952, 

T.  J.  V.  Sc  hie,  Not  turnul  Illumination  and  Dei  reuse  of 
Contrast  in  the  Atmo.yphrre ,  I  NO,  Amstridam, 
Netltei  lands,  1969. 

II.  J.  1'.  Smith,  el  al..  FASCODE—Fast  Atmospheru 
Signature  Code  tSpeitral  Tiansmittance  and  Rath- 
ante),  AE'GL- 1  R-0067,  US  An  Eoite  Geophssits 
Laboratory.  Hanscomb  AKH.  MA,  1978. 

I),  Bitite  l  innet,  "A  Dillusmu  Model  hit  an  Lilian 
Area",  Journal  of  Applied  Meteorology,  83-91  ( Eeli- 
maty  1961). 

William  L.  Wolle  and  Gcotge  J.  /.issts,  Eds ,  The 
Infrared  Handbook,  c  >1  lit  eol  Naval  Keseau  It,  Arling¬ 
ton.  VA.  1978. 

I  .united  I  'isibihly  Battlefield  t  .auditions.  I  he  I  et  Inn- 
eai  Coni dinai ion  Gump,  Joint  Ac  lion  Gmupf JAG) 
10,  198.3. 

Status  Report  on  Linear  Atmospheru  Transmission, 
The  Technical  Coordination  Giotip,  Joint  Action 
Group  (JAG)  5.  1977. 

Turbulence 

Louis  I).  Duncan,  et  al..  F.OSAEl  S2.  ASL  I  R-0122. 
US  Army  Aimospheiic  Sciences  laboratory.  White 
Sands  Missile  Range.  NM.  1982. 


DOD-HDBK-178(ER) 


Erederit  k  Cchhaidt,  Development  of  Turbulence  Effects 
Models.  S<  ience  Applications,  Inc.,  Ann  Arbor,  MI, 
1080. 

R.  F.  Lutomirski.  el  al„  Degradation  of  Laser  Systems 
hy  Atmospheric  Turbulence,  Rand  Corporation, 
Santa  Monica,  CA,  107.8. 

Y.  I  laurski.  The  Effectso)  Turbulent  Atmosphere  on 
ll’niv*  Propagation,  Israel  Program  lor  Scientific 
Translations,  Jciusalrm,  Israel,  1971. 

William  Wolfe  and  George  Zissis,  Eds.,  The  Infrared 
Handbook,  Environmental  Research  Institute  of 
Mulligan,  Ann  \ibor,  Ml,  1078. 


Other  Relevant  Literature 

G.  B.  Hoidale,  et  al.,  A  Study  of  Atmospheric  Dust, 
ECOM-5067,  Atmospheric  Sciences  Laboratory, 
White  Sands  Missile  Range,  NM,  1967. 

AMCP  706-117,  Engineering  Design  Handbook,  En¬ 
vironmental  Series,  Part  Three,  Induced  Environ¬ 
mental  Factors,  1976. 

Combat  Environment  Obscuration  Handbook  (Draft), 
Smoke  and  Aerosol  Working  Group,  Joint  Techni¬ 
cal  Coordination  Group  Munition  Effectiveness, 
Aberdeen  Proving  Ground,  MD,  1984. 


DOD-HDBK-178(ER) 


CHAPTER  4 

PHYSICAL  PROPERTIES  OF 
BATTLEFIELD-INDUCED  CONTAMINANTS 

This  chapter  is  a  quantitative  description  of  battlefield-induced  contaminants,  including  smokes  and 
obscuration  materials;  it  includes  a  discussion  of  munition  explosions,  launcher-associated  obscuration, 
vehicular  fat  tors,  and  battlefield  fires.  It  also  contains  sample  illustrations  of  artillery,  smoke,  and  vehicle 
usage,  which  indicate  reasonable  levels  of  battlefield  obscurants.  These  combat  examples  will  be  used  in 
the  sample  system  performance  calculations  in  Chapter  5. 

4-0  LIST  OF  SYMBOLS 

Cj  =  index  of  refraction  structure  constant,  m'J  5 
CL  —  concentration  path  length  product,  g  tn* 
l)  -  number  of  helicopter  rotor  diameters,  dimensionless 
h  -  height,  m 

h,  -  height  above  source  expressed  in  source  radii,  dimensionless 
V  —  apparent  radiant  intensity,  k\V  si 
Ol)  =  optical  depth,  dimensionless 
r  =  hot  spot  radius,  m 
T  -  temperature.  K  ot 

6T,  -  plun  i  interline  temperature  above  ambient,  deg  C. 

Tr  =  measured  peak  fireball  tcmpciuiuic.  K 
Te  =  pretlitietl  volume  averaged  tcmpciatuie.  K 
6T,  =  source  temperature  above  ambient,  deg  C. 

T i  =  tneasuietl  volume  averaged  icinpciaioie.  K 
T[K)  =  transumtaiue.  dimensionless 

7  «(  A  i  =  atmospheric  transmit  tame  considering  only  aerosol  extim  non.  dimensionless 
T/.K)  =  transmittance  through  HK  dust  or  vehnulat  dust,  dimensionless 
T/K)  -  transmittance  through  lolled  snow,  dimei.mmtess 

7'«,(A)  ~  attnosphe  tte  transmittance  considering  only  molecular  extinction,  dimensionless 
7', (A)  =  itunstniname  thiough  smoke,  dimensionless 
l  =  trine,  s  or  ms 
Yt  =  yield  (at  tor.  dimensionless 

o{A)  =  obscurant  mass c\um  turn  textile  urn  lot  am  wavelength  A.  uv  g 
aj(K)  ~  dust  mass  exiiut  troit  coelluient  lor  any  wavelength  A.  in-'  g 
a)(A)  =  mass  extinc  tion  coefficient  for  lofted  snow  for  any  wavelength  A,  in5  g 
a, (A)  -  smoke  mass  extinction  coefficient  for  any  wavelength  A,  m!  g 
A  =  wavelength,  pin 

these  contaminants,  by  giving  an  assessment  id  the 
rxpet  ted  coruetWiutiou,  oi  mass  loading.  ot  these  ton- 
lamiuatrison  llit-haulclu-ld;  and  by  developing  cornbat 
examples  that  illustrate  possible  obscurant  cometino- 
lioiis  on  the  battlefield,  lire  combat  examples  will  lx- 


4-1  INTRODUCTION 

I  hive  haptrt  provides  the  basis  (ot  diet  alt  illations  of 
hatilrfirlii-iniluc fd  t oii'jrninaiu  effects  on  sensor  per¬ 
formance  by  describing  the  butilftielifmduied contam¬ 
inants;  by  providing  mass  extinction  t  ocftic  ictus  for 
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used  with  the  quantitative  obscuration  data  tocalculate 
obscurant  effects  on  system  performance. 

Inventory  smokes,  including  phosphorus,  hexachlo- 
roethane  ( HC),  and  fog  oil  smokes,  are  described  in  par. 
1-2.  Brief  discussions  of  developmental  smokes  and 
threat  smokes  are  included,  but  the  data  are  limited  to 
keep  the  discussion  at  an  unclassified  level.  Literature 
references  to  documentation  on  threat  smokes,  candi¬ 
date  smokes,  and  developmental  smokes  are  included  in 
the  bibliography.  Par.  1-3  treats  munitions  explosions 
and  includes  munition-generated  dust  and  debris,  as 
well  as  a  discussion  of  dust  cloud  temperature  and 
gaseous  emissions.  Ijunc  Iter-associated  obscuration, 
vehicular  factors,  and  battlefield  fires  are  characterized 
in  pars.  1-1  through  1-6.  Battlefield  contaminant  usage 
levels  are  developed  in  par.  1-7  by  using  examples  of 
artillery  barrage-generated  dust  and  debris,  obscuring 
smoke,  and  vehicular  dust 

The  mass  ex  tine  linn  met  fit  ients  given  in  this  chapter 
permit  the  talc  illation  oi  transmittance  tluoagh  smoke 
7\< A )  and  transmittance  '/'./(.V)  through  high  explosive 
(UK)  dust  oi  vehitulai  dust  (7’, /(A)  lot  lotted  snow) 
which  ate  used  with  the  mnleculut  itaiismittani e  trim 
7'„|M  and  the  anosol  transmittance  term  r„(A)  in  Kq. 
31  to  <al<  tilate  tiansn  ittaine  /'(A) 

'/'(A)  =  7m(A)  7„(A)  7\(A)  7', /(A).  . 

tiitmnsitmh'ss 

4-2  SMOKES  AND  OBSCURATION 
MATERIAL 

I  hete  ate  lout  well-established  ukilitxls  ol  smoke 
ptodtuttott:  huiiiing  pliospltoitis  m  an.  limning  pvm- 
tec  him  c ontjrosiiions.  vapoii/aiiou  and  u-t mittens.! - 
turn  ol  oils,  and  thedls|irixton  ol  it- .time  lupiids  (Rel 
It.  i’ltosphot ns  '  nukes  ate  toimed  liv  hurtimg  phos- 
phoiuv  in  an  to  lot  m  phosphorus  oxides,  vs  hi*  It  abut*  h 
atmospheric  mnistnir  to  loon  .trios.  >K  i  i  dilute  phns- 
pllotii  acid,  and  they  mas  lie  dc  liven'd  .is  hulk-idled 
while  phuxphunis  jWP).  plastic  tzed  whin-  pliosphnius 
tPU  Pi,  oi  led  pliosphnius  iRP).  oi  as  UP  ni  HP  suh- 
mumtions  flic  opmat  pio|>ciiirs  ul  du-  smokes  are 
uleUlic.d  (Rel.  I).  Most  model  it  at  lines  have  phnspho- 
ins  smokes 

Aerosols  genet  ated  hv  huiiiing  pviotec  in  lit  c  nmjxisi- 
tioiis.piiuiaiily  HLaud  the Yet  shot  t  umjxoiuotis.  ,ur 
die  second  most  common  niilit.uv  smokes  HLaud  the 
Vet  shoe  ioi:i|m>siiioiis  lonu  hvdutlcd  .■•'tosols  with 
siuulai  exlitic  Uotttirelht  unis  Hie  I  |L  smokes  used  hv 
the  l  'ruled  States  and  wester i:  l  tno|x  .ui  nmimiis  pin- 
(luce  /tin  chloride  aerosols,  win  teas  the  Netshov  dim 
)x >stt lolls  used  hv  Waisaw  Pail  cotmilies  ponloie 
ammonium  i blonde  aemsols  cRel  It. 

Oil-tiasfd  aeiosols  are  couunoulv  used  ten  smoke 
s(  u  c  mug  1  hev  are  loiined  liv  spins  mg  tin  sel  ml  <n  ih< 


engine  manifold  or  by  vaporizing  fog  oil  with  pyro¬ 
technic  or  mechanical  generators.  The  spectral  charac¬ 
teristics  of  the  two  oil  smokes  are  similar.  The  U.S.  lias 
fog  oil  generators  and  uses  vehicle  engine  exl 
smoke  systems  ( VEESS)  lor  armored  v  ehicle  protect. 
The  Warsaw  Pact  countries  have  an  extensive  oil  smoke 
generation  capability. 

The  most  common  reactive  smokes  are  chlorosul- 
fonic  acid  (FS),  which  produces  sulfuric  acid  smoke, 
and  titanium  tetrachloride  (FM).  which  produces  dilute 
titanium  hydroxide  and  hydrochloric  acid  aerosols. 
Both  are  similar  to  phosphorus  in  extinction  proper¬ 
ties.  The  reactive  liquids  are  obsolete  ip  US  inventories 
because  they  are  highly  corrosive  and  dangerous  (Ref. 
1). 

Representative  spectral  extinction  coefficients  of 
these  smokes,  measured  by  the  US  Army  Chemical 
Research  and  Development  Center  (CROC)*,  are  shown 
in  Fig.  1-1.  All  of  these  smokes  are  effective  in  the  visible 
and  are  less  effec  tive  in  the  infrared  (IR).  Phosphorous 
smokes  have  the  highest  hit  IR  extinction.  None  of 
these  smokes  is  effective1  at  inilliine’-r  wave  (tinmen 
wavelengths. 

Smokes  i  uneiiily  in  the  US  Armv  inventory  include 
piiospliotus  (munitions  and  gienadts).  HC  munitions 
and  smoke  |x>is.  and  log  oil  lor  generators.  All  of  these 
getteiate  w bite  smokes,  vvliit  h  attenuate  by  dihusing  ot 
scanning  ladiatioii.  They  ate  listed  in  fable  l-'  with 
'.evct.il  loieigu  smokes  and  developmental  smokes. 

Developmental  smokes  and  threat  smokes  ate  tlix- 
t  ussed  htit  llv  at  an  uik  lassilied  level  in  p«ei s.  |-‘J.  I  and 
icsjiec  liv  rlv .  and  icleirptcs  to  mote  cletailed 
mint  math  hi  air  piovided. 

Sjxx  u. d  mass  extiiic  lion  tortile  tents  lot  log  oil.  die  ¬ 
sel  ml.  phospbmus,  I1C.  and  anilii.it eue  smokes  ate 
given  in  table  f-2  the  tabulated  values  ate  lot  .?i03 


•fmittiilv  C.tumu.it  Svsktiis  I  .it* <i atm.  Sf  . 


Figure  4-1.  Mans  Extinction  Coefficient  of 
Standard  Screening  Smokes  (Refs.  !  anti  2) 


irr 
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TABLE  4-1.  INVENTORY  AND  DEVELOPMENTAL  SMOKES 

(Refs.  2  and  3) 


MUNITION 

FILL  WEIGHT, 
kg 

BURN  DURATION, 

s 

EFFICIENCY, 

% 

155-mm  HC  W  ifiSi  proremle 

8.61 

100 

70 

105-mm  HC  M84A1  projectile 

2.15 

120 

70 

Smoke  pot,  HC  M5 

14.06 

900 

70 

81-mm  WP  M375A2 

0.73 

45 

100 

4.2-in.  WP  M328A1 

3.70 

45 

100 

155-mm  WP  M110E2 

7.09 

60 

100 

155-mm  WP  M825 

7.45 

720 

77 

105-mm  WP  M60A2 

1.74 

75 

100 

60  mm  WP  M302A1 

0.34 

45 

100 

4.2-in.  PWP  M328A1 

3.70 

180 

60 

5-in.  PWP  Zuni  Mk4 

6.15 

180 

60 

Oil  generator.  M3A3 

151.2  l.h 

900 

100 

2.75-in.  WP  rocket  Ml 56 

0.96 

120 

— 

L8A1  RP 

0.36 

100 

— 

Grenade,  hand  M8 

0.55 

120 

— 

Smoke  pot,  SGFZ,  M7 

5.91 

600 

— 

VF.tSS  M60 

181.1  1  h 

N  A 

— 

Vt'fcSS  Ml 

317.5  1  h 

N  A 

— 

Developmental  Items 

81-mm  XM8I9 

1.37 

300 

_ 

XM76  grenade 

— 

— 

— 

Oil  generator.  XM52 

227  1  h 

N  A 

— 

Foreign  Munitions* 

155-mm  WP  projet  I  tie 

7.0*1 

126 

100 

1 2*2-.  132-mm  WP  projectile 

.1.59 

80 

100 

120- nun  WP  prtrjettile 

1.95 

51 

100 

82-nun  WP  piojettile 

0.31 

17 

100 

122-nun  PWP  projet  tile 

3.59 

180 

100 

TABLE  4-2.  COMPARISON  OF  SPECTRAL  MASS  EXTINCTION  COEFFICIENTS  a(K) 

(Refs.  3  a.  <d  4) 


_ _ _  M»*s  t'.aliiH  lion  Corllitirol  o,<A>,  tit  g 

Wattlroglh  K,  jjiti 

0.4  to  0.7  to  .15  <;><» 


ObMiirani 

1  07  .... 

1.2 

1.06 

1  mi 

8  to  12 

10.6 

•MCII* 

Fog  Oil 

6.85 

1.59 

.3  18 

0.25 

0.02 

0.02 

0  001* 

Diesel  Oil 

5,65 

1.08 

3.25 

0.25 

0.02 

0.05 

0.001* 

Phosphor  us 

>08 

1 .77 

1.37 

0.29 

0.38 

0.38 

0.001* 

HC 

3  66 

2.67 

2.28 

0  19 

0.03 

0.04 

0.001* 

Anthrut  rne 

6.O0 

3.50 

2.00 

0.23 

0.06 

0.05 

0.001* 
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relative  humidity  at  10°C.  The  hygroscopic  smokes, 
e.g.,  WP  and  HC.  show  some  dependence  on  relative 
humidity  due  to  both  c  hange  in  refractive  index  and  the 
change  in  partic  le  size  as  droplets  take  up  water  from 
the  air.  The  change  in  extinction  coefficient  of  WP  and 
HC  with  relative  humidity  is  discussed  in  pars.  -4-2. 1 
and  1-2.2. 

Transmittance  7',(A)  through  smoke  is  calculated 
from  the  extinction  toeflic  iem  a\(A)  and  the  CL  prod¬ 
uct  of  obst  tirant: 

Tj(X)  =  dimensionless  (4-2) 

where 

Cl.  =  concentration  jiath  length  product,  g  in* 
tr,(A)  =  smoke  mass  extitit  tiou  coefficient  for  any 
wavelength  A,  m'  g. 

Smoke  c  one  entiat  ion  is  disc  ussed  in  ikiis.  1-2. 1  through 
1-2.3;  n  pu  seuia'.isc  (.7.  picnhu  tsof  smoke  may  Ixdevel- 
o|>ed  hum  the  combat  usage  levels  in  pat .  1-7.1. 

4-2. 1  PHOSPHORUS  SMOKES 

Phosphorus  smoke  is  lot  meet  In  limning  elemental 
phosphemts  m  air.  It  hydrates  tapidly  to  lotm  a  pints- 
photic  acid  aetosol.  the  Initnittg  phosphotus  is  vets 
In  tg hi  v  isual h;  the  smoke  ladiance  also  is  apparent  in 
tin  t  ntal  imagei  \ .  Phospltot  us  smokes  ate  not  geueialty 
used  met  hiendlv  [tost lions  Ihc  atise  ol  tlu  dnitge  t  horn 
tin  Inn.  Inutung  pltosplnnus  ,»t  d  the  aciditv  ol  the 
smoke . 

Hulk  phosphorus  Inn  Us  vets  tapidlv .  and  the  result- 
mg  aetosol  rises  rptn  klv .  I'tasin  tzetl  w  lute  phospltot  us, 
plcctsplioius  nnptrgnated  lilt  wedges,  and  tc-vl  pints- 
pile  it  its  t  I>tn|msit!iiits  ate  designed  to  limn  mote  slowly 
and  with  nwicaved  limn  unifotinttv .  the  (ill  weight 


and  burn  time  for  standard  phosphorus  munitions  are 
given  in  Table  4-1. 

Phosphorus  smoke  particles  grow  rapidly;  they  pull 
moisture  from  the  air  and  dilute  the  ac  id  c  onc  entration. 
The  particle  size,  refractive  index,  and  mass  extinction 
coeffic  ient  change  as  this  happens.  The  expected  size  of 
phosphorus  aerosol  particles  depends  on  the  atmos- 
pher  it  relative  humidity  (RH).  The  effective  extinction 
coefficient  and  yield  factor  of  WP  smoke  as  a  function  of 
relative  humidity  is  shown  in  Table  4-3. 

WP  cloud  temperature  vs  time  for  a  bulk-filled  155- 
mm  projectile  is  given  in  Table  4-4.  The  right  column 
gives  predicted  average  cloud  temperature  in  neutral 
atmospheric  conditions  developed  using  the  Electro- 
Optical  Systems  Atmospheric  Effects  Library 
(EOSAEl.)  code  (Ref.  3).  The  measured  peak  cloud 
temperature  and  average  cloud  temperature  data  are 
shown  in  the  left  and  tenter  columns,  respectively. 
These  teuqieraiuie  differences  within  the  cloud  appear 
ast  lutiei  or  false  targets  when  viewed  through  thermal 
imaging  systems. 

It  isdillit  itlt  to  pred id  the  level  of  phosphorus  smoke 
to  lie  expet  led  in  a  lialllctield  environment.  Hie  amount 
of  phosphtn  us  smoke  in  the  sensor  line  of  sight  depends 
on  many  lac  tors  me  hiding  the  atmospheric  t  ouditions. 
the  placement  of  the  smoke  relative  to  the  sensor,  the 
quantity  ol  smoke  placed,  and  the  frequency  with 
which  tt  is  placed.  Indications  o|  reasonable  levels  til 
WP  ate  de\r|o|M-d  or  the  smoke  usage  illustration  in 
(xu.  1-7.2.  The  WPcotnentiatioit  path  length  plot  for  a 
voiles  ol  six  hulk-hlletl  155-111111  munitions,  shown  m 
Eig.  1-2.  indie  ates  a  tvpu  al  shape  lot  the  WP cotuetma- 
tioti  v  s  iiine.ie  toss  a  se  nsor  litre  ol  sight  (LOS),  showing 
a  rapid  buildup,  then  a  g tactual  ialloff  as  the  cloud  is 
blown  jiasi,  Turbulent  <■  in  the  smoke  and  local  shills  in 


TABLE  4-3.  YIELD  FACTOR  AM)  MASS  EXTINCTION  COEFFIC  IENT  FOR 
WP  SMOKE  AS  A  FUNCTION  OF  RELATIVE  HUMIDITY 

(Ref.  5) 


Rll.% 

5  teld  Fit  lot  1 
dtmmsituilrs* 

Mass  fatiwiinn  Torflicicm  «MA).  ro-  g 

0.1  to 

0.7 

0.7  to 

1.2 

1.06 

Wavelength  A.  pm 

1  to  5  It  to  12 

10.6 

13  <;ii> 
<;n» 

5 

.1.3*1 

2  till 

1.50 

111 

0.20 

0.18 

0.35 

0.001  ‘ 

10 

151 

2.94 

1.51 

1.30 

0.29 

O.lh 

0.3<i 

0.001 

10 

3.91 

1.7ti 

l.tiO 

1  2t» 

0.11 

0.38 

0.39 

.0.001 

50 

111 

1.08 

1.77 

1.17 

0,29 

0.38 

0.38 

0.001 

70 

5.10 

190 

2.01 

1  .tit* 

0.29 

0.3t> 

0.35 

0.001 

‘W 

7.85 

1  21 

2.10 

2.11 

0.11 

0.10 

0.28 

0.001 

‘>5 

11.70 

2.98 

2.  It* 

2.25 

0  IK 

0.27 

0.2l> 

0.001 

*  \  (rill  l.i,  till  Is  tllx  lisscsl  III  | Ml  .  2-7  .2 
SikMittii.il  Ini'  value 
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TABLE  4-4.  WP  CLOUD  TEMPERATURE  vs  TIME  (155-mm  BULK-FILLED 
PROJECTILE)  UNDER  NEUTRAL  ATMOSPHERIC  CONDITIONS 

(Refs.  5  and  6) 


Measu.  '  Predicted* 


Time 

Peak  Fireball 

Volume  Averaged 

Volume  Averaged 

t,  s 

Temperature  7Y,  K 

Temperature  T t ,  K 

Temperature  77,  K 

0 

>450 

336 

339 

2 

413-424 

327-330 

320 

5 

377-388 

318-321 

303 

10 

314-323 

297-300 

295 

15 

305-310 

294-296 

294 

20 

300-301 

292-293 

293 

•EOSAFL  dust  model  (Conditions:  tfiit|x-rutuif  lti.9°C.  50%  RU,  Pasquill  Category  C.  wind  3.1  m  s). 


stream  in  the  thermal  bands,  and  ineffective  at  tnimv 
wavelengths. 

4-2.2  HEXACHLOROETHANE  (HC) 

IIC  smoke  is  a  pyiotechnii  smoke  generated  fry  the 
binning  nl  the  HC  toiojxrsition  of  aluminium,  /im 
oxide,  and  Irexat  hlotoetliaite.  /.im  chloride  is  the 
lesulting  hygrnstupii  aerosol.  HC  Inirus  more  slowly 
than  phosphorus  and  releases  about  one-ninth  the 
thermal  energy  pet  unit  late;  thus  it  rises  less  and  is  not 
dissi|KUedasijmt  kly.  t  he  sianduid  1 1C  munition  is  the 
155  mm  aiiilhiy-delivetcd  MIltiBI  loutttl  with  a  till 
weight  of  8.61  kg  and  a  bum  time  ol  MM)  s. 

Iheimal  i  loud  tatli.itii  e  filer  is  aie  getteially  not  stg 
inlu am  lot  HC  munitions.  Changes  in  IIC  smoke 
evumtion  with  Rll  are  less prohomued  than  with  \V V* 
smokes,  but  they  ate  uil|MUiant.  IIC  smoke  yield  |at  tot 
and  esttintion  tot-flu  tent,  as  a  (tun lion  of  ttlative 
humtdits .  ate  shown  m  lalile  l  a. 


TABLE  4*5.  YIELD  FACTOR  AND  MASS  EXTINCTION  COEFFICIENT  FOR 
HC  SMOKE  AS  A  FUNCTION  OF  RELATIVE  HUMIDITY 

(Ref.  5) 


Rll.  % 

Yield  Far  tor  1 
dimensionless 

Mass  Exlimuim  <  oeltiiimi  «.(M.  m  g 

Otto 

0.7 

0.7  to 

1.2 

1.06 

Wavelength  A.  pm 

110%  It  to  12 

10.6 

15  <.11/ 

94  (.11/ 

5 

1.39 

2  76 

1.67 

1  10 

0.  !7 

0.01 

002 

0  001 

10 

1  hi 

3  00 

1.87 

1.56 

0  19 

0.02 

0  02 

0  001 

30 

1  59 

3  00 

2  It 

2.01 

0.21 

0.03 

003 

0  001 

50 

1.89 

3.66 

2.67 

2  28 

0  19 

0  03 

0  01 

0.001 

70 

2.40 

3.18 

2.57 

2  28 

0  19 

0  03 

0.05 

0  001 

90 

5.72 

2.15 

2  11 

2.03 

0  27 

0.06 

0.08 

0  001 

95 

10.19 

1.8) 

1.98 

1 .93 

0.31 

0.07 

0.09 

0  001 

4,  « 


Figurr  1*2.  Integrand  WP  Smoke  Conteu* 
(ration  vs  Time  (Rel.  7) 

wind  veins  its  anti  thtei  non  will  i  attse  t.ipul  Im  al  I  ft  i«  • 
tuanons  »tt  the  Hint  nut. uion 

WP  smoke  is  a  good  visual  stieeiiei.  a  maigm.d 


•Yield  f.liltit  tsthsiiissrd  m  | mi  2-7  2 


I  •  5 
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HC  com nitration  on  the  battlefield  depends  on  the 
firing  rate  and  weather  conditions.  An  illustration  of 
HC  integrated  path  length  after  a  firing  of  four  rounds, 
in  neutral  atmospheric  conditions,  is  shown  in  Fig.  4-3. 

HC  smoke  is  a  good  visual  screener,  a  marginal 
sc  teener  in  the  3-.r>  pm  hand,  poor  in  the  8- 12  pm  hand, 
and  ineffec  tive  at  mmw  wavelengths. 

4-2.3  DIESEL  AND  FOG  OIL  SMOKE 

I  S  Army  oil  smokes  are  dispensed  by  vaporizing 
vehic  le  engine  diesel  fuel  or  spec  ially  supplied  fog  oil. 
The  resulting  oil  droplet  aerosol  is  neither  exothermic 
not  hygroscopic;  thus  it  has  no  thermally  induced 
buoyancy  and  stays  closet  mthe  ground  than  HCor  W 1* 
sc  teeners. 

Oil  smokes,  unlike  W’l*  and  1 JC  smokes,  ate  pioduc  ec! 
at  a  constant  Kite.  I’todut  lion  ends  only  when  the  oil 
has  Im'i-ii  use'll  up  ot  the  engine  nr  geiicialni  has 
stopped.  A  icpicsrniaiive  plot  ol  the  log  oil  tom  tint. i- 
tiott  c  teatecl  Its  lout  log  oil  genet  aims  v  s  time  is  show  n 
in  Fig.  1-1.  I  he  flue  (nations  in  cnniftitiatiun  indie  ate 
the  eflec  t  ol  Ich.iI  inc  tcotologic  al  c  ondltiotls. 

Oil  smokes  ate  ellec  live'  sc  teetiet s  otth  at  \  isihle  and 
IK  .11  IK  wavelengths. 

4-2.4  DEVELOPMENTAL  SMOKES 

litveiiloiv  smokes  ptovnle  good  atlc  tniatton  m  the 
visible  and  mat  IK  it  gtmtx.  have  titutginal ellec  mentxx 
tit  the  tlteimal  hands,  and  ate  me  fin  live  at  mmw  wave¬ 
lengths.  At  my  test  ate  It  and  development  piogtaim  ate 
investigating  the  ttevelopmetH  ol  smokes  with  Itettn 
iiinliis|iet  ital  seterning  t  u|Kihilititx  (Rel.  It.  I  he  de¬ 
sign  c  ottstdet ,tt|c tils  lot  i-llec  ttvese  teetnng  m.iteltals  ate 
d I w  ussesl  tn  Rel.  8,  litfotmaiton  on  tleveloptnemal  and 
c undulate  smokes  i*  contained  in  Reis,  h  ami  10. 


4-2.5  THREAT  SMOKES 

Smokes  t»f  the  Warsaw  l*at »  (ioinmies  tin  Itttle  phm- 
phottis  stmikes.  pv  totes  him  smokes t  Vet shov  t  oiit|»>xi- 


tie*  t,  • 


Figure  1-3.  Integrated  HC  Smoke  Concen¬ 
tration  vs  Time  (Ref.  7) 

4-h 


Figure  4-4.  Integrated  Fog  Oil  Concentration 
vs  Time  (Ref.  7) 


lion),  and  tliesel  oil  smokes.  Tlu*  mass  ext  ittc  lion  c  oelli- 
c  ients  lot  these  smokes  ate  shown  in  Fig.  4- 1 .  Inloi illa¬ 
tion  on  othei  tlneat  smokes  is  not  available  on  an 
tine lassilied  basis  hut  is  included  in  Kel.  II.  System 
designcix  should  t  c  msult  (IK  DC  ami  the  Foie ign  St  iem  e 
.tittl  l  et  lutologv  ( ieitlei  iFS  1  (It  lot  t  hat  at  tet  i/at  tolls  ol 
ilttr-.it  smokes  m  iht  ii  system  spetiiul  hand. 

4-3  MIMTION  EXPLOSIONS 

As  tlist  usseil  in  | mi  2-.V2.  inuuitioii  explosions  ate 
t  liaiat  teil/icl  hv  thief  phases.  In  the  nii|»utt  phase, 
tliist  ami  luige  i  honks  ol  debits  ait'  Imiletl  uloh.  a  hot 
dusi'uml-tiif  h.dt  sevetal  int  tt  i s  ac  loss  is  loimetl,  anti 
a  t  c h i|e i  cltisi  skin  t>  10  m  vs  nit-  am)  14  in  Ingh* 
develops,  tn  the  list  phase,  the  tltist-uml-llie  hail 
t  \|Miitls  ami  uses  iupidlv.  the  laige  debits  settle  nut. 
ami  the  thist  sknt  tldltises  slowly.  Filially,  in  the  dull 
anti  tlisxi|Miltiti  phase,  the  timid,  blown  hv  the  wind. 
chxxi|Miex. 

i  he  im|Mt  l  phase  lasts  only  a  levs  set  mitls.  lint  tlcil  ■ 
mg  lhal  |  tet  tod  theie  is  siilht  lent  debits  altdl  to  Intel- 
nipt  mmw  |.()S.  the  heal  ami  blight  light  hum  the 
explosion  ami  Imliall  mav  utiiuir  visual  ami  dirt- 
mal  sen  sms.  In  tlv  use  phase  anti  the  thdt  ami  dixxi- 
|Mtion  phase  thennul  tadiante  mav  still  lie  ini|>oitam, 
In  the  thill  and  dissipation  phase  ,  the  uubmne  cltisi 
mav  suit  block  visible. md  thrtm.il  ttansinitiam e.  Inn 
nnn vs  systems  at"'  unallec  ltd. 

1-3.1  DIM  AND  DEBRIS 

Fig.  t-f>  illtisttates  the  vauunmi  in  nummiUumr 
thiongh  the  c  loud  with  tune  as  the  t  loud  is  gem  laud 
ami  slovvlv  dissipates  Ihe  ttiegtdai  viimime  again 
mil n ales  ttithtiletn  mixing  tn  the  dusi  timid  Rt  .dts- 
m  nhstmani  levels  lot  an  I  IF  mtimnmi  li.ni.tge  tail 
lie  tlevelojw-il  limn  lilt  audit  tv  usage  example  ill  jmi 

*  Mr  m  limn  miom  i>»  I  Vi-umi  *mmiti'***\ 
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Figure  1*5.  Near  IR. Thermal. and  Millimeter 
Wave  Trammittante  After  an  HE 
Explosion  (Ref.  12) 


1-7  I.  Mass  eslm,  lion  <ocihiieuts  im  ooili  huge  .mil 
slll.lll  tlllsl  |Ut III  It  s  ale  till  billed  III  I  .title  l-l*.  I  Mils- 
mitl.itur  I' aX’  ilitough  iltt\t  is  i ,tli til, i (eti  Imm  tin 
(  I  plodllit  ill  llir  obuui.llll  .Hltl  the  \|iei  tt.ll  mass 
fXUttt  Doll  I  ihIIii  tettl  nAX)  (lit  die  sprill.li  ll.mil  Ilf 
Ittll'M'sl. 

Tj\)  ~  v i ,  dimensionless  (4-3) 


Wilt'll' 

a, /(A)  =  dust  mass  exlint  linn  toeliitieiH  loi 
any  wavelength  A,  m-  g. 

I4E-gcnerated  dust  may  degrade  visible,  neat  IR. 
and  tlu-nnal  sensor  pcrlormaiKe.  The  debt  is  lofted  in 
the  impaet  phase  may  break  the  minw  sensot  LOS  for 
2  to  1  s;  the  residual  dust  does  not  significantly 
degrade  iiiinvv  traiismittaiK e.  Two-way  attenuations 
of  10  dBm  and  bat  kst  alter  of  -10  dBm  at  91  (ill/  have 
been  observed  on  the  centerline  of  lOj-mm  UK  explo¬ 
sions.  The  attenuation  drops  rapitlls  with  distance 
Irotn  die  impact  point  and  is  negligible  lot  lint  s  ol 
sight  l.ri-20  m  off  the  tenterline  (Ref.  IS). 

4  3.2  GASEOUS  EMISSIONS  AND  HEAT 

Extremely  high  temperatures  develop  in  the  1IE- 
iiiunition  fireball  in  the  |xriod  immediately  altet 
impart.  lt'ni|Hiatures  in  the  fireball  may  reach  above 
1300  K.  drop  to  330-100  K  aftei  only  two  seconds,  and 
tall  to  ambient  ifitt|>eiature  in  alMiut  list'  set  amis, 
(lit  mil  tcnt|M‘]  at  me  data  vs  time,  lot  t  In  ee  events  i  filmed 
flout  the  Rattlclield-lnduied  (lontamination  lest 
(Bid  I  )  III.  aie  shown  in  Table  1-7.  Tigs,  l-tiantl  1-7 
show  hot  s|mii  tad  ills  i  and  t  loud  teniioitl  height. 
ies|X't  lively .  loi  the  same  events. 

The  gaseous  emissions  Imm  munitions  explosions 
hi,  hid. ■<:<>..,  <;«.  Clh.  I I.O.  II.,  Nj.  NIL.  ||( IN.  and 
HE.  These  gases  ate  gem  ialls  not  signilitam  obsem 
l.mts  simple  Itfi.iusf  tiles  on  til  when  seseie  obst  ma- 
liou  is  pieseut  due  to  lolled  dill  and  debt  is.  and  thcimal 
ellet  is.  Ilowesei,  isiiiit  iil.ite  t.ulron.  a  bs-produtt  ol 
v mie  explosions.  i>  a  hit  tot  in  olist  mation  lot  slum 
|x  ilotls  ol  time  allcl  ill,  detonation  tKel.  la). 

4-4  (.I  N  FIRING  'AR  LAUNCHER* 
ASSOCIATED  I  D  URATION 

Ohv maiion  assotiaitu  with  the  hung  ol  gnus  oi 
hosvll/ei s  Ol  with  missile  ol  Im  kel  l.iilllt  lies  mas 
degiatle  the  |  Ml  lot  lit.lllt  e  ol  setlSOl  v  on  the  plalfollll 
Obst  illation  is  ,  ansed  Its  imi//lr  Hash  ladtaine  ellet  is. 
iheailetttiatiott  of  signal  i.ulialiott  bs  the  tm  ket  plume, 
and  Its  dust  and  debus  laisnl  Its  the  lutmtli  ol  gun 
Intng  shot  k  wasv 


TABLE  4-6.  MASS  EXTINCTION  COEFFICIENT  aj.K i  FOR  HE  DUST 

(Ref.  3) 


Mam  II  ilimiUMi  (Airflmml  nj(A)(  m  % 
VVjvrlrnrih  A.  pm 


Set  lo 

0.7  n> 

Obstuiam 

_ 0.7 

1.2 

1.0b 

III  dust,  small 

032 

0  29 

0  Jit 

HE  dust,  huge 

004 

0  01 

001 

V,  l.lt* 

1  to  5 

It  to  If* 

tO.b 

or  cm* 

0.27 

0  2b 

0  21 

0.001 

GOT 

001 

001 

0  001 
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TABLE  ‘.  7  HE-GENERATED  DUST  CLOUD  TEMPERATURE  vs  TIME 

(Ref.  14) 


Event  HE2*  Event  HE3  Event  HE9 

Clav  Soil  Wet  Sami  Wet  Soil 


Tinw 

Temperature 

Radius 

Time 

Temperature 

Radius 

Time 

Temperature 

Radius 

I.  s 

T.  K 

r,  m 

1,  s 

T.  K 

r.  in 

t,  s 

T,  K 

r,  m 

0.010 

17)0 

2.0 

— 

— 

— 

— 

— 

— 

0.1  10 

1  atij 

2.0 

— 

— 

— 

— 

— 

— 

0.210 

1000 

2.1 

0.20 

tiatb 

2.4 

0.4 1 

0a()+ 

4.. a 

0.410 

8tif> 

2.4 

O.aO 

liO.a 

2.0 

O.aO 

040 

4.. a 

— 

— 

— 

0.00 

io;> 

2.0 

0.81 

170 

4.8 

2.21 

i 

1.0 

1.0  1 

.173 

‘)  ‘> 

1.71 

140 

4.  a 

:;.i  i 

'.20 

4.0 

.4.0 1 

.4.10 

2. a 

2.71 

41a 

4.1 

i.:> 

400 

a.I 

l.aa 

ala 

4.0 

1.7  a 

401 

7.8 

'>.‘)a 

21  IS 

0.0 

a.Oa 

40a 

l.l 

— 

— 

— 

•  \ll  events  m  li  Im  .1  I  i  I.’;  till 
■  Ill'll iiiik  tn  vili ii. iliit .  .it  i ii. 1 1  \ .ill it  \i.iv  IiihIh  i . 


*  f . . * - - - 1 

• « !•  i 


B  J  (■ 


Tim*  t,  « 

Figure  1-6.  IIE-Crnerated  Dust  Cloud  lloi 
S,m»«  Radius  vs  Time  (Ref.  1 1) 


Ttw  t,  « 


Figure  1-7.  HE-Ccnrratrtl  Dust  Cloud  On 
tmid  Heighi  vs  Time  (Ref.  I  I) 


4-1.1  MUZZLE  FLASH 

I  hr  uiu//le  Hash  t  teaied  t>\  the  In  inn  <>l  a  putjet  tile 
It  out  an  at  lillri  v  weapon  is  appateut  in  ilu*  \  isible.  neat 
1R. and  tltetinal  s|m  ii.il  hands,  h  is  a  .hoti-dmatiuu 
|ihetniinenoti  on  the  oulet  ul  12  a  ms.  |teak  i.nhaUon  is 
seen  at  ahont  20-2a  ms  altet  the  blast,  anti  the  jK-ak  value 
tlet.us  hv  one-hall  at  la  aO  ms  altet  tin  blast  tRel.  It*), 
l  lte  ellet  t  is  sltotMeittt  tleiet  tot  salutation  lot  a  settsoi 
looking  at  the  tin t//lt  Hash.  l  it;.  I  8  shows  the  n|i|tatettt 
ttttt//le  Hash  sitptatiue  ol  an  M  08  hla-tittu  i;un  in  tlu- 
I 4  a-  I.TOjjin  uni  spike l  ttttsstle  Itattd;  the  tlata  wen 
taken  lit 0  tit  (tout  tile  gun. 

llte  |M-ak  ap|tateut  ttm//le  ll.tslt  signatuies  m  tin  ,4  a 
AJltt  b.tlttl  e\t  eetletl  I  \  111'  \Y  si  (Rel.  In).  Mu.vle  Hash 
Mgltatuirs  in  the  MI2ptn  tegian  shots  the  same  time 
tte|M-inle!ite  but  ate  sty^ttil I* .tltlls  lower  in  magnitude 


Tom  t.  mm 


Figure  4-K.  Apparent  Radiant  Intensity  of  an 
M-68  10!) -mm  Cun  in  the  1.15  to  1.70  /am 
Spectral  Band  (Ref.  16) 


DODHDBK-178(ER) 


(by  one-fifch  to  one-half  the  peak  radiance)  because  the 
muzzle  gases,  primarily  C02  and  hot  H*0,  are  less  effi¬ 
cient  radiators  in  the  thermal  band. 

4-4.2  ROCKET  PI.UME 

Rocket  plumes  can  temporarily  obscure  visual  and 
thermal  sensors  for  periods  of  several  seconds.  More 
detailed  measurement  data  are  contained  in  the  classi¬ 
fied  literature  (see  Ref.  17). 

4-4.3  DUST  AND  DEBRIS 

Dust  and  debris  raised  by  the  shock  wave  from  a 
missile  or  rocket  launch  or  gun  firing  can  temporarily 
obscure  the  LOS  of  a  sensor  mounted  on  the  weapon 
platform,  particularly  if  the  soil  is  dry  or  loose  and  not 
secured  by  a  vegetative  cover.  The  obscuration  may  last 
for  several  seconds.  An  LOS  interruption  may  slow  the 
artillery  firing  rate  or  cause  the  gunner  to  temporarily 
lose  track  on  a  target. 

4-5  VEHICULAR  FACTORS 

Militaty  vehii  les  tan  tause  obsc  illation.  This  paia- 
graph  describes  vehit  le-imlutetl  ohv  urants,  im  hiding 
dust  i.itsnl  by  the  movement  ol  ttaiked  ot  wheeled 
vehu  les.  snow  and  tltist  lolled  In  belli  optei  down  wash, 
and  vehit  ulai  gaseous  and  |miii<  ulate  emissions. 

Kstimatetl  mass  extinction  toeliit iettts  lot  vehicle- 
genet  a  led  nbs*  uiants— vehu  ulai  dust  and  helu  optei- 
foiled  snow— ate  given  in  1  abb  l-H.  l  i.iiiMiitn.mt e 
/j(Ai  thlough  vehu  h-geuei. tied  oI)m  uiants  is  i.ihu- 
lan  d  using  mass  esiun  non  «oelln  mils  liom  1  ,d»le  l-M 
and  <  one  eiitialion  path  length  ptodiu  is  | (./. >  olnained 
ftont  jmis,  I-  i,l  anti  1-7.3  lot  dust  tatsed  l»v  Hacked  ot 
wheeled  veh.litesoi  lloni|MI.  »-.Y2h*l  helu  optei  foiled 
\ttovv  .tilt! dust,  l  ot  vein*  ulai  dust  //Aitstah  iil.tud  hv 
Using  Fc|.  l-H.  Foi  hr  In  optei  dolled  snow 

/  it  A )  —  t*  "  ,k  ' 1 .  ihiuensioiilcss  1 1-  h 

White 

ti/K)  ~  mass  rvt. in  iton  i oHhi  lent  lot  loliiil 
snow  lot  attv  wavelength  A.  at-  g. 


4-5.1  DUST  (TRACKED  AND  WHEELED 
VEHICLES) 

Dust  loading  into  the  atmosphere  by  tracked  and 
wheeled  vehit  les  is  determined  by  the  amount  of  vegeta¬ 
tive  cover,  the  soil  tyjx*  and  wetness,  and  the  vehicle 
mass  and  speed.  On  dirt  roads  (representing  the  limit¬ 
ing  case),  the  amount  of  dust  raised  by  a  vehicle  is 
roughly  linear  with  velocity,  and  stales  linearly  with 
the  percent  of  silt  in  the  soil.  For  example,  in  dry  soil 
with  about  65%  silt  content,  an  armored  personnel  car¬ 
rier  (APC)  will  raise  about  2.3*  kg  of  dust  per  mph  of 
vehicle  speed  per  mile  covered.  An  M60  tank  will  raise 
about  L  1#  kg  of  dust  per  mph  of  vehicle  speed  per  mile 
covered  (Ref.  19).  Representative  concentrations  and 
Cl.  values  for  dust  raises'  by  movement  of  columns  of 
tanks,  trucks,  and  APCs  can  be  obtained  from  the 
vehic  ular  dust  example  in  par.  -1-7.3.  Transmittance 
through  dust  isealt  tilated  using  these  (.7.  values  in  Ftp 
4-4  with  extinction  ccx'ific ictus  from  Fable  1-8 

4-5.2  HELICOPTER  DOWNWASH 
(LOFT  ED  SNOW  AND  LOFTED 
I)  1ST) 

Dust  and  snow  lolled  bv  In-lit  optei  downwash  will 
teduie  ti.iiiMHiu.mtt  m  bleak  the  LOS  m  the  visible, 
•hcrm.il.  and  minw  s|iettial  hands.  Because •  ol  the  tut • 
huh  in  it  a  used  hv  i  he  down  wash,  die  .imotini  ol  ohsc  u- 
•  am  in  the  settsot  LOS  will  t  li.utge  i.ipitllv  in  show 
some  |x')iotls  ol  ihmiIv  total  ohv  iii.tiioit  ami  otlieis  of 
esscmiallv  no  olist  utation  lliiselleii  is  ilhisii.iietl  m 
Fig.  1-9.  which  shows  visible  anil  8  12  pm  ii.tiisiuu 
lame  ihtoitglt  lolled  siiovs.  tntastutil  timing  the 

S.VOW-ONF  A  field  test 

III*-  amount  ol  dust  ot  snow  lolietl  |»v  Iteln  optei 
downvva-h  will  c|e|rt-ml  on  tin  belli  optei  weight,  lotui 
thaineiti,  height,  ami  velocity.  ami  on  the  soil  tv|*e. 
wetness,  and  vegetative  <  met.  Foi  w  mil  speeds  almve  .» 
i ettam  ilneslndtl  value.  |xn in  les  U  gm  to  Unmet- along 


•  1  ln-«  v.iiiii  v  ,i|i|>lv  I  mi  it  lii  »  lioiii  »  <mJ‘»  n»j*h 


TABLE  4-8.  MASS  EXTINCTION  COEFFICIENTS  nAK)  n^A) 
FOR  VEHICLE-CENERATEP  OBSCU  RANTS 
(Ref*.  3,  5.  and  18) 


Mcv’  F.vtiiutiiwt  (  jvrtlu  trttt  n 

a  At  and  o'cvi.  m 

X 

Wave-length  a. 

iim 

ObMurant 

0.4  to 

0.7  w> 

»  t.llz 

0.7 

1.2 

1.0* 

.1  u>  :*i 

H  l.»  12 

to* 

94  (.III 

Vehicular  Dum 

0  32 

0  ,10 

(1  29 

0  27 

it  2* 

0.2’> 

0.UUI* 

ladled  Snow 

— 

0  01 

O.ttt 

001 

t*  04 

0  0’* 

0.0  a 

0  005  0  1 

Tran«mtttance  T(k),  d ( nans  1  on  1  ess 
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Figure  4*9.  Transmittance  Through  Snow 
l.ofted  by  Helicopter  Downwash  (Kef.  20) 

i In-  mii laic  in  .1  mode  called  "saltation At  highrt 
'clot  itics  tlu  Mitalln  pai  titles  iise  into  sti\|Mit\ion. 
I  tilling  take-oil  and  landing  the  downwash  is  lapahlr 
<>l  lilting  pai  titles  lioni  the  gtotind.  Dining  ioivv.itd 
(light  tlu  |Htieiia‘ion  will  vats  tonsitletahlv •  .is  the 
ioi  waul \eltH  i  v  .a  .dtiiude  ol  the  lieiiuiptei  n, muses, 
ilu  i  lift  t  ol  downwast.  diminishes  (Ret.  IK>. 

Data  on  olistinaiton  hv  helitoptei-lol!  .1  snow  is 
linnietl.  this  ikiiagiaph  toniaiiis  ptelimmuiv  tlaia  anil 
:s  based  piintaiilv  on  the  SNOW-ONE-A  am!  SNOW- 
I  \\  t  >  In  Id  tests  Reis,  'JO  and  J I  I  I  oltnl  snow  I  oilt  ell- 
ttullolts  lllilll  tl.'J  g  III'  to  2.8  g  III'  wen  tlte.isllletl  III 
il»«  si  tests  and  avetaged  a  Unit  l.'»g  in  .  the  paitti  le  si/e 
dtsii  1 1  it  it  ton  (leaked  .n  a  silois  (k.itu  le  ladiiisol  100  gm 
I  In  si  paitlili  sms  ate  in  the  geolllelii.  opt  a  s  m  allei  • 
n ig  h  glut!  hn  v  (slide  and  thennal  w  a\eli  ngths.  |  tow  - 

•  mi.  tiansinittaine  data  Intnt  the  SNOW  (IM  A  test 
showed  Unit  visible  liaiisinillaili e  with  a  wsteivtaui 

•  IllleieUie  ol  |0 ‘JON  lielwtet;  the  \|s|hie  and  tile  IR 

I  Ins  dlDen  ni  e  is  nine  to  the  nation ei  w  .tinting  angle 
i.  it  s  isiial  l  athatloli  — ttlole  that  ttt.ll  ctU'lgV  Is  si  .11  let rd 
out  oi  the  lleld  ol  stew  ol  the  tt.ittsn.ission  the  mass 


extinction  coeffit  ients  (or  helicopter-lofted  snow  shown 
in  Table  4-8  are  based  on  these  measurements.  No 
appreciable  inntw  attenuation  was  noted  at  the  SNOW- 
ONE-A  test  (Refs.  20  and  22). 

Helicopter-lofted  snow  cloud  dimensions  depend  on 
the  helicopter  (weight,  rotor  diameter,  altitude,  and 
forward  speed)  and  on  the  characteristics  of  the  snow 
ground  cover.  Dry,  fresh  snow  will  result  in  a  much 
larger  snow  cloud  than  older,  grainy  snow.  The 
SNOW-ONE- A  and  SNOW-  TWO  tests  were  performed 
on  dry  snow  and  thus  probably  indicate  worst  case 
obscuration.  Dimensions  of  snow  clouds  produced  by 
the  ITIIH  helicopter  in  these  tests  ranged  from  100  in 
(about  8  rotor  diameters)  when  the  helicopter  was 
within  3  m  of  dte  ground  to  0  in  (no  cloud)  at  heights 
above  j0  in.  'I  able  4-9  gives  rules  of  thumb  to  estimate 
snow  timid  transmittance  as  a  function  of  helicopter 
altitude  and  rotor  diameter.  The  estimated  concentra¬ 
tion  pall)  length  produc  t  Cl.  shown  in  Table  4-9  was 
tabulated  using  Ecj.  4-4.  Values  in  Table  4-9  give  a 
i  iile-ol  ilntmb  estimate  ol  visible,  neat  IR.  and  thermal 
tiausmittame  through  'he  helicopter-lofted  snow. 

Measured  quantitative  data  on  helicopter-lofted  dust 
are  limited.  Measurements  of  dust  lofted  by  an  H-21 
helicopter  were  made  at  Y uma.  A/,  and  Fori  Brnning, 
(TV  In  these  tests,  lit**  concentrations  at  takeoff  and 
landing  reached  1 1.9 g  in’.  The  highest  dust  concentra¬ 
tions  near  a  heave  ring  helicopter  were  measured  directly 
below  the  rotor  blade  overlap  and  the  lowest  were  mea¬ 
sured  bcnca'h  me  rotor  blades.  The  peak  values  arc 
shown  in  Table  4-19. 

4  5..H  C.ASEOtS  AM)  PARTICIPATE 
EMISSIONS 

(.nsi-tius  .mil  pwtuml.ttr  emissions  horn  vehicle  ex¬ 
hausts  ate  muten  m  dun  effect  no  envoi  ;xt  lot  main  e 
CO  and  CO.  do  ativiib  m  die  lhrim.d  Kinds,  am!  cut- 
lam  is  an  ext  c-fleut  hio.idfi.md  .Utemiatoi.hu!  the  mass 
liMchtlg  of  these  olisc  U| ants  is  low  enough  tfi.lt  tiles 
have  a  significant  effect  oiilv  if  the  sciisni  t.OS  Intel  • 
sis  ts  the  exhaust  itxeli 


TABLE  1-9.  ESTIMATED  OBSCURATION  FOR  HEUCOPTER-I.OFTED  SNOW* 

(Rrf.  IK) 


tli-lu  itpln  Altitude 
(in  mint  diamrtrts  /*) 

Apfttoxcmaie 

t  ijiismiituur  /  '.  ois.  oral  IR.  ibrttnal). 
dimmxicmtf-M 

Ap.-emtimalr 
i  1  .  g  m 

i  n 

10 

0 

1  n 

0  (> 

In 

2  D 

OJta 

n 

1  It 

U  la 

no 

IV\  I  \\  O  j*i»  tmmi.it  \  il.it.4  Im  I  1 1 1 1 1  Id  iu>»)dt  i  limi  ting  *>i»  t  *l:\  ot  m 
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TABLE  4-10.  DUST  CONCENTRATION 
NEAR  H-21  HELICOPTER 
(Ref.  Zl) 


Hover  Height, 
m 

Dust  Concentration, 

g  m' 

Drop  Zone, 
Yuma 

Dust  Course, 
Yuma 

Drop  Zone. 
Ft.  Benning 

0.3 

3.7 

4.6 

j.f; 

3.0 

f>.  T> 

5.1 

5.2 

25.0 

1.6 

1. 1 

0.9 

4-6  BATTLEFIELD  FIRES 

Battlefield  fhes  have  three  main  ellet is  on  st-itsm 
ptiloitnanie-—  latliame  (heat  01  li^ht >  of  the  hie  itsell. 
nunsmitium  e  losses  thumgli  the  (in-  pinout  ts  (smoke 
anti  hot  gases  i,  and  sp.it'm  tit glaciation  caused  In  t|u 
tiubuleni  ait  aioumt  the  (m 

4-6.1  FIRE  PRODUCTS 

\  egci.ttive  file  pmduc  is  in*  hide  gases.  puma:  1 1  \  « ai  • 
Um  dioxide  ami  wan  t  va|>oi.  and  |>aiti<  ulates  me  hid- 
i»K  i.iiIhmi.  \oot.  mt-tal  oxides,  .nut  silicon*.  In  an 
nxygen-dein  irni  ettvonitmcni.  cailmn  monoxide.  mi¬ 
togen  oxides,  amt  hvtktK.nhoiis  an  alto  pmchued 
Vrhlceil.il  tllr  piothlt  tv  include  tatlmn  dioxide.  aide 
huffs.  nig.utu  at  itls.  mitogen  oxides.  i.tiimhvdiales. 


and  panic  ulates.  Table  1- 1 1  gives  e.stiinaies  ol  the  gase¬ 
ous  and  panic  ulate(niii|M)nenis  for  vegetative  and  vclii- 
c  le  fires.  For  vegetative  I  ires,  mass  loading  is  given  as 
mass  of  gas  or  panic  ulale  matter  genetated  In  Inn  ning 
I  kg  ol  vegetative  maltei.  Whiculat  iiie  ptoducts  ate 
estimates  oi  the  mass  ol  mallet  geneiated  by  huiniug 
in  a1  vehic  le.  in?  hiding  tiles  and  luel. 

Carbon  is  tl'.e  only  lire  piiHluc  t  that  is  an  ini|>oi  lam 
attemiatoi  at  all  visual  and  thermal  wavelengths. 
F.xhm  lion  hy  gasenusc  oui|ioneuts  is  generally  not  sig- 
■lilieant  lot  hioadhand  radiation,  even  lot  large  liies 
with  |>adi-integiatetl  coiueniiations  (.'/.  ol  up  to  la 
g  in'  ol  gaseous  piiKlucts  (Bel.  25).  Ilowevet.  ahsoi  p- 
lion  hy  hot  hydiot arlnins  is  iui|>nitant  in  tin  3-5/um 
legion,  (n  addition,  lasei  i  idiation  may  he  significantly 
attenuated  hy  gaseous  file  products  il  the  lasei  wave¬ 
length  tome  ules  with  a  gas  ahsoi  pi  ion  line.  Absorption 
by  N;0  may  *»e  tui|>ouani  in  the 3.  H-pin  region.  Ahsoi  p- 
tsoti  bv  (.Or  will  c  leaily  .diet  t  (!()•  lasei  |K'ilotniaiice. 

Mass  extinction  c  net  fit  tents  n,(\i  lot  the  stnoke 
lonncxl  by  e.iibon  and  hutning  diesel  luel  ale  given  in 
I  aide  l-!2.  I  lansuiiiiance  (A'  'htuugh  liiepintlut  is 
is  t  ab  u  la  ted  using  Ftp  1-2. 

4-6.2  FIRE-INDUCED  TURBULENCE 

Fite- tit:1  lit  t  il  turbulent  e  will  t  utise  lasei  licam  spieatl 
and  shot  i-ii  on  l*e,un  <  eon  out  jit  lei  In  imaging  sv  stems 
the  elit  e  l  ol  the  tut  Indent  c  Is  stue.ituig  ol  the  laiget 
image  (.i|t  a  la  t  ions  ol  iiiilmluiie  ellet  is  on  pto|Mga- 


TABLE  4-1 1.  MASS  LOADING  FOR  FIRE  PRODUCTS  (Rcl.  21) 


Vegetative 

Vetch  lr  Fires 

fmiuiun 

Fan  i  woo. 

Component 

i  k* 

(  ocupnnem 

kg  vetch  le 

(  .it  bon  Dncxtth 

1001750 

(  .u Icrcn  Diovule 

II 

f’artit  ulates 

10-20 

Paint  ulates 

0.9 

Nitrogen  (Kith's 

15 

Nutogen  Ovules 

005 

( at  bon  Monoxide 

10  250 

(.uUihuliaits 

0  23 

I  IvdttK  ai  bolts 

1-20 

A  (del  odes 

0  W 

Water  Vajtot 

250-750 

Otgattn  Acids 

0.1 

R»  jwininl  ^  Ml*  |*iiiium<k)  ii|  il;*  N*n  mi  v ,  "  turn  ()|diul  I  uhiib  *  in  «\|*H  l  Huluu  U  I  a  a  im.  ,uwl  |  jimanl  v 

t  Ijglll  *  ||\  lilt  'unit'll  «>|  >|m  ,  ||  ImtHHDillUltiiD  I 


(Rrfs.  3.  and  26) 


Mas*  txmucioo  (hied keen t  »,(A|.  m  r 

Obscurant 

0.  4  to 

0.7 

0.7  ui 
1.2 

1.00 

VYavrlrtcgcb  A .  *.m 

3  to  5 

0  to  12 

10.0 

3.5  (.11, 

•4  CM* 

Carbon 

1.50 

Ik. 

1.42 

0.75 

0.32 

0  30 

0  001 

Dtry-I  Fuel 

6.40 

3  lift 

2  91 

1  34 

1  00 

1.00 

— 

4*11 
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t ion  .lie  laiilv  lomplcx.  (iene'al  ex|xi  mirnlal  irxiills 
( .m,  howcvet .  lx'  used  to  give  oitlci  ol  magnil.i'e  rsti- 
m, tics  ol  liir  |  1 1 lit1  puiaiiirteis  and  tin.-  uimoxphrt i< 

ellri  is  assiM  iated  with  these  plumes. 

Ini  a  vrttiial  lilt-  plume  die  plume  n  met  line  inn- 
|N'talim  alxnr  ambient  67'.  is  approximated  In  (Rrl. 
27) 

8T \  =  tlft*  (..  (1-5) 

vs  heir 

6'l\  -■  scum.  iem|>eiaimt  above  ambient, 
deg  (. 

hr  —  lit  igllt  almvc  soim  e  expiessed  in 
snimr  i.idii.  dimensionless. 

Itn .him  ninmal  lein|xtaliue  sanations  in  tli  ■  atino- 
spltrir  ale  ol  ihc  nltlei  ol  s<  a  i.il  tenths  ol  a  drgl  «  .  the 
n  |  nation  pi  edit  ts  that  the  tin  Indent  e  eliet  Is  ate  siemli- 
t  ant  to  a  height  equal  to  tougldv  ‘>0  limes  the  lite 
tadttts. 

Valuesol  the  index  ol  t el t at  lion  stmt  luiet  onstant  I  7. 
in  Ine  plumes  weir  lotiittl  lo  \ai\  lit  nit  10  ’’tit  ’  ‘  tat  hp  — 
I  (loll)  11  m  ‘  tat  nr  lto.istoni|xtletl  lo.itmosphnit 
(  tallies  ol  alxitit  10  ‘  to  10  ’  m 

(•ol  the  an  a  t  lost  iti  l In  Ine  Ji.-  -  In.  In  am  pm  i  was 
lotmd  lo  |m  in  tilt  lunge  ol  100  lo  liOO  tni.nl  .iIhuii  an 
autijMiiiit  that  was  tlispl.tt etj  In  !  lo  I  mi.nl  in  the 
plt  st  ini  ol  lilt  plume  II  the  p|o|Mga:iotl  |talh  Is  Itenl 
lilt  edge  ol  tin  plume,  pi  unit  Wain  lei  t  oltltl  t  attst  put  t 
vs  nit  magnitude  ttpial  to  the  auit|M>ttu  thsplat  t  int  tu. 
I  lit  st  values  at*  obtained  using  onlv  the  |  toil  ton  oj  tin 
(tallt  hunt  tin  plume  to  tin  laigt  l  (team  pltet  •  auvd  In 
die  atitiosplu  it  met  the  same  path  was  in  die  t.tngi  ol 
tl  On  0  Wnn.id 

In  tin  sum  an  a  ol  i lit  plume,  die  (team  spu-atl  was 
Imintl  loan  lageO  in  I  Ouu.nl  dial!  .ingle  >  wtiha  unit 
vaitalnin  ol  tougldv  1007  I;  should  !»  noted  that  the 
phmu  at  Is  .is  alt  inhomogeneous  hits  w  hit  It  tedistidt 
tiles  die  tin  tgs  w  u  Inn  dn  s|«ot.  so  intensities  <  an  not  In 
easdv  pietht  led  * 

1-7  BATTLEFIELD  OBsSCl’RANT 
l  SAGE  LEVELS 

Kepievitlalive  t  timlxn  einitnumetlt  examples  ate 
( lev t  lo| till  hen  to  estimate  geni  tal  levels  ol  luudiar 
intliit  ivl  olist  utaniv  liltelv  tout  t  ut  to  at  tualt  omhai  1  o 
Lis  p  llte  piohlem  manageable.  onlv  the  t  ilts  is  o| 
audit n •slehvtusl  tit'  lounds.  \VI*  louinls.  vusiiiug 
sun  this,  ami  vthuulai  dust  ate  tonsitletisl  these  ate 
hit  tola-  ttMjiH  t  tuuulHiitns  tut  omlutunlut  isl  ubs*  illa¬ 
tion 

*  \ll->4  ihi  in  jmi  1  i»  4'.ni  Ini  Mi-itt  l,i«  i  i»»  .mi*  tiiuiiM 
in  .  •«»  l  l*  m.it;iiilittlt  It  \\  iluuj  pltm* 

tli.in»ui4  .iihltm  |tlumi  4  him  hi  .iIumii  1 «4  iIh 

|*4«*|*r«IC‘0***0  |*-**l» 


l  ime  examples  ate  i  onsideied.  1'iie  liist  details  the 
tlusi  ohsi  illation  due  loan  artillery  barrage  The  seiond 
example  desiribes  (he  potential  ohst  illation  due  lo 
ai  li  lit  i  \  -delixei'  d  \VI*  smoke  lomu1  .  smoke  pots,  and 
smoke  gruel, Hols,  I  he  liliul  (  xample  deals  with  dust 
gem  i.ilrd  by  n  tn  k.  tank,  and  A  PC  1  traffic .  I  hexe  exam¬ 
ples  wen-  exitat  led  horn  mote  lompiehriisivc  usage 
examples  developed  hy  the  Smoke  and  Aetosol  W'otk- 
ing  (dorp  ol  the  Joint  lethuical  (iooidin.uiou 
(.tulip  Mu. nitons  Kllet  tiveness  MK)  lot  the 

lunihat  i.mnoumrtit  ()b\i  million  Handbook  (Rel, 
!;>>. 

Ine.n  h.  example,  the  data  ate  presented  as  snapshots- 
in-time  as  the  si  enariotlevc  'ops.  l  hete  are  two  lot  mats: 
1 1  >  down  waul- looking  optii  a  I  depth  ((H))  i  vet  an  urea 
seveial  kilometets  on  a  side  anil  (2)  unit  nitration  at  a 
2-m  altitude. 

Optti  a  I  depth  is  del  tiled  as  the  negative  ol  the  natutal 
logai  it hm  ol  the  v  isihle  ti.uisutiltatn  e. 

Ol)  -  -  In  /  (\ is >  -  f  ttj(v  is)  Cl.,  |  Mi) 

ilitntiisiiniless 

I  able  I  17  I. dud. ilex  v  lxti.il  liailsiiuttain  els  optu  al 
depth. 

TABLE  4-13.  OPTICAL  DEPTH  vs 
MSI  AL  TRANSMITTANCE 

t  h><i<al  IVrpih  f  */i.  V  isual  t  rjttoniilaiu  r  /(vis), 
tlimrmittidrss  tlimrnsiunlrss 

Hi 

tl  i 

I  n 

2U 

1  It 

Dowitw.mi-iooktug  (>H  louiouis  mas  hr  uvesl  to 
exit  mail  in. n  |R  .nnl  lhnm.il  it.iusmiu.nn  e  /i  A  i 
dnougii  the  ulis-  in  am  In 

/‘(A  I  —  r  *'*■■»  i .  tlitiu  ttvtotllrxx  (1*7) 

vshrir 

cttAi  "  «d»v  utatu  mass  rxtitM  non  lurllw  iriit 
lot  auv  wavrlmgib  A.  m;  g. 

Ct  ~  -JJJjL. .  .  tlimrmioulrw  (1-8) 

11m-  valuesol  atA.aieiontaimsI  t.i  I  able  1-2 to.yAi lot 
smokes).  I  able  i  t)  A  i  loi  I  IKgrnouted  dust?,  and 
I  able  t  H  io,t*l  (ut  vvhn  ulat  dmit. 

Hu  so  und  ubvcmuni  format  tv|ie  tv  j  plot  <4  obv  ti¬ 
tan  t  iimcrnti.mon  at  a  I’-tti  aluimlr  over  t(tr  area  ion- 
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tained  in  the  downward-looking  OD  plots.  These  illus¬ 
trations  permit  estimates  of  obscurant  concentration 
(and  hence  transmittance)  over  LOS  through  the  obscu¬ 
rant.*  For  simplicity  in  comparing  the  OD  and  concen¬ 
tration  plots,  Cl.  values  (at  2-m  altitude)  have  beer, 
indicated  on  the  OI)  plots  along  the  selec  ted  LOS. 

4-7.1  ARTILLERY  EXAMPLE 

The  HE  dust  combat  example  is  a  first-day  deliberate 
attack  against  a  p.epared  defense.  I'he  attacking  force 
consists  of  seven  152-nun  artillery  battalions,  three  1 30 
mm  artillery  battalions,  one  122-tnm  artillery  battalion, 
and  one  multiple  rocket  launcher  (MRL)  unit.  The 
attack  occurs  over  a  5  \  7-ktn  area  during  the  late  morn¬ 
ing  in  autumn  >n  Central  Europe.** 

Results  are  presented  for  a  2  x  5-km  grid  for  two 
snapshot-in-time  intervals  during  the  first  30  min  of 


*(7.  over  an  LOS  is  estimated  by  drawing  the  LOS  then 
summing  the  prod  tic  tsol  concentration  and  length  through 
the  obscurant  along  that  I.OS. 

**This combat  example  isextt.tc  ted  (tom a  motet  omprehen- 
sive  engagement  described  in  Rel.  15.  Lite  meteorological 
setting  used  in  this  example  is  based  upon  climatic  esti¬ 
mate's  lot  Cent  i  al  K... rope  compiled  in  EOSAEL82(Rel.  3). 
rhe  selec  ted  t  onditions  are  approptiate  lot  early  mot  ning 
autumn,  with  I’asquill  Stability  Oanclaa-m  s(IH-km  it) 
wind. 


preparatory  fire.  The  obscuration  is  portrayed  two 
ways:  (1)  vertical  (path  integrated)  OD  for  downward¬ 
looking  sensors  and  (2)  obscurant  concentration  at  the 
2-m  level,  from  which  the  integrated  path  concentra¬ 
tion  lengths  for  a  horizontal  LOS  can  be  calculated. 
The  obscurant  under  consideration  is  HE-proditced 
dust  from  the  artillery  barrage.  The  wavelength- 
dependent  mass  extinction  coefficients  in  Fable  1-6 
may  be  used  to  estimate  reductions  in  transmittance  for 
optical  and  IR  h  >t  military  interest. 

I  he  large-are.  •  t  obsc  urant  due  to  the  preparatory 
fire  barrage  is  displayed  sequentially  for  two  succ  essive 
times  in  Figs.  1-10  and  4-12  Fig.  4-10  illustrates  the 
impact  area  after  t lie  it  'ial  5  min  of  fire;  approximately 
1000  rounds  have  impac  ted  by  this  time.  Fig.  4-12  illus¬ 
trates  the  same  area  25  min  after  the  beginning  of  the 
attack  when  most  of  the  fire  is  directed  to  the  west  of  this 
grid;  only  scattered  fire  and  residual  dust  are  shown. 

The  OD  is  used  to  illustrate  the  extent  and  the 
amount  of  obscuration  seen  by  a  downward-looking 
observer.  I  he  mass  concentration  of  the  airborne  dust 
at  the  2-m  level  is  portrayed  in  Figs.  4-11  and  1-13  for  the 
same  times  as  in  the  previous  two  figures.  Ihe  obsc  illa¬ 
tion  illustrated  here  is  due  to  the  small  mode  dust, 
which  is  the  component  that  remains  ait  bone  lot  long 
periods  of  time  (minutes  to  hours). 
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Figure  4-10.  Downward-Looking  Optical  Depth  of  HE-Generated  Dust 

After  Fifth  Vollev  (Ref.  15) 


4-13 


on 


Art  11 1 ery-Genorated  Dust 


Figure  4-11.  Concentration  of  HE-Generated  Dust  at  2-m  Altitude  After  Fifth  Volley  (Ref.  15) 


Location,  km 

Figure  4-12.  Downward-Looking  Optical  Depthof  HE-Generated  Dust 
After  Twenty-Fifth  Volley  (Ref.  15) 
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Figure  4-13.  Concentration  of  HE-Cienerated  Dust  at  2-m  Altitude  After  Twenty-Fifth  Voile' 

(Ref.  15) 


4-7.2  SMOKE  EXAMPLE 

This  c  ombat  example  consists  <>i  the  smoke  used  to 
cover  the  assault  of  a  tank  battalion  and  motoii/ed  title 
company,  with  supporting  .millets  and  mot  tats,  on  a 
fixed  defense. 

I'lte  basic  objec  tisr  of  screening  smoke  is  to  conceal 
front  die  enemy  the  true  loc  aliott  and  natine  ol  ac  lions 
ot  Iricndly  troops.  Such  sett-citing  ot  camouflaging 
smokes  are  gene* atec!  by  VI-  ESS,  smoke  pots,  and  smoke- 
generators,  Blinding  smoke  sc  rents  ate  generated  in  the 
vicinity  of  the  adversary's  position  with  indirec  t  fire, 
suc  h  as  mortals,  roc  kets.or  ariilleiy,  for  the  put  pose  of 
denying  grcnincl-lesc-l  obsersation  to  the  enemy. 

I  lte  basic  outline  of  the  example  is  pteseuted  graph¬ 
ically  in  Fig.  1-1  I;  there  is  amplifying  information  in 
Table  I-  l  l.#  1  he  smoke  example  is  laid  out  on  a  2-  km  x 
,r>-kttt  grid  and  covers  a  period  of  18  min  with  I  a-patate 
smoke-produc  ing  events,  The  smoke  is  intioduced  at 
the  right-hand  (east)  side  of  f  ig.  1-1  1  and  advances 
toward  the  left-hand  (west)  side  at  a  cpiarieiing  angle 
front  tippet  tight  (nottheast)  to  lower  lelt  (southwest). 
The  smoke  events  ait-  initiated  sequentially  front  tight 
to  lelt  (east  to  west). 

The  sequence  of  smoke  events  poittayetl  in  l  ig.  1-1 1 
and  'fable  l-ll  are  displayed  graphically  in  time 
sequence  in  figs.  I- 1  ft  to  1-22. 

Figs.  1-15  through  1-17  give  an  ovet  view  of  the  smoke 
example  front  11— d  min  (5  min  altet  the  initiation  of 

•This  example  is  a  subset  of  the  Xus  let  It. lining  example 
clt-'-'-lc i|K-tl  in  Rcl.  15. 


Event  I)  to  1 1+1  min  (the  etui  ol  Events  5  and  I).  I'lte 
pet  spec  live  is  one  of  a  viewer  looking  down  on  the  field 
ol  battle.  Ol)  is  used  to  give  the  viewei  an  indie  at  ion  of 
whete  the  smoke  is  placed,  its  subsequent  dt  ill.  and  its 
relative  thic  kness.  I'lte  larger  the  Ol),  the  sinallei  the 
ttansmitiatic  e,  and  c  onsequently  the  mote  atienualiott 
the  smoke  would  provide  for  a  downward-looking 
sensot . 

Fig.  1-15  illustrates  the  large  area  ol  covet  age  due  to 
the  TMS-65  smoke  generators  (log  oil).  Fig.  I-  Hi  shows 
smoke  from  the  DM- 1 1  smoke  pots  (anthracene  smoke) 
and  residual  smoke  horn  the  I  MS-(i5  geitcralois.  Fig. 
1-17  demonstrates  the  covet  age  due  to  mortal-  and 
howit/cr-dcliveted  while  phosphorus  smoke  rounds. 

Figs.  1-18  ihiotigh  1-21  show  selected  small-scale 
plots  ol  smoke  c  one  nutation  at  a  2-m  all  elude  lot  lout 
ol  the  events  shown  in  Fig.  1-1  I;  (I)  IMS  oil  smoke 
front  Event  I  at  lime  1 1  — ‘I  min,  (2)  DM- 1 1  smoke  I  tom 
Event  2  at  Time  1 1  *3  min,  (3)  phosphot  us  smoke  from 
\VI*  munitions.  Event  3,  at  Time  11+1  min,  and  (I) 
phosphot  us  smoke  Horn  I'Wl*  munitions,  Event  1,  at 
lime  11+  l  mitt.  Smoke  concentiaiion  Irotn  a  YE  ESS 
unit  is  shown  in  Fig.  1-22  for  c  om pat  ison.  These  figures 
may  be  used  to  estimate  l  he  amount  ol  smoke  along  any 
LOS  lluough  the  smoke  by  imiltiplying  the  smoke 
concentration  along  the  path  by  the  path  length  to 
obtain  conceit  tine  m  path  length  produc  t  (  l..  I'rans- 
mitiniice  throe-  lie  smoke  may  be  calculated  using 
these  Cl.  values  in  Eq.  1-2  and  the  mass  extinction 
coeffic  ients  a, (X)  obtained  liottt  Fable  1-2. 
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TABLE  4-14.  SMOKE  EXAMPLE  OVERVIEW  (Ref.  15) 


Major  Smoke  I'sed; 

Smoke  Method  of 

Events  Disposition 

Timing  of 
Smoke  Event 

Rate  of 
Dispersion 

Effect  of 

Smoke  Screen 

Action  of 

Participating  I  nks 

1  Smoke  oil* 

2  IMS-df)  smoke  generators 
(100  kg  vehicle) 

1.5  km  front 

H— 1-1  min  to 
H— 9  min 
(5  min) 

200  kg  min  unit; 
vehicle  speed  “ 

9  km  li 

Cumouliaging  smoke 
screen  across  1.5  km 
front  up  to  -100  m  in 
height 

Deployment  of 
attacking  troops 
assault 

2  Anthracene 

210  DM-!  1  smoke  pots 

(1.8  kg  pot) 

2.0  km  trout 

H— 9  nun  to 
H— 3  min 
(ti  mill) 

12  min  burn  time 
(5-7  min  cover¬ 
age); 

25  m  separation 
(group  of  5  pots) 

Kauri  able  wind 
direction  results  m 
blinding  of  defensive 
weapon  emplace¬ 
ments 

As  smoke  dissi¬ 
pates,  entire  fire¬ 
power  of  attacking 
battalion  concen¬ 
trated  on  defend¬ 
ing  force 

\VP  bulk* 
fi  120-mm  moi  Kirs 
(1.9  kg  WP  round) 

500  in  front 

H  +  2  min  to 
H+-1  min 
(2  mm) 

1  round  2-1  s 
tube;  nominal  150 
m  impact  area 
jiei  volley 

Blinding  of  de¬ 
fensive  Antitank 
guided  missiles 
(Aft;  Ms) 

Defensive  ATGMs 
neutralized 

1  WP  (PWP)** 

18  122-mm  howitzers 
(72  smoke  rounds) 

(3.fi  kg  WP  round) 

500  in  Irom 

11+2  min  to 
11+ 1  min 
(2  min) 

2  rounds  min 
gun;  nominal  150 
m  impact  area  |>ei 
volley 

Blinding  of  defensive 
ATGMs 

Location,  km 


Fiajure  4-14,  Smoke  Example  Overview 
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TMS-65  Smoke  Oil 


Location,  km 

Figure  4-15.  Downward-Looking  Optical  Depth  of  TMS  Smoke  at  Time  H~ 9  Min  (Ref.  15) 
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Figure  4-16.  Downward-Looking  Optical  Depth  of  DM-11  Smoke  at  Time  H-3  Min  (Ref.  15) 


Length  L 
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Locat1on»  km 

Figure  4-17.  Downward-Looking  Optical  Depth  of  Phosphorus  Smoke  at  Time  H+4  Min 

(Ref.  15) 


Length  L  ,  m  Length  L  ,  m 

Figure  4-18.  Concentration  of  TMSOil  Smoke  Figure  4-19.  Concentration  of  DM-I1  Smoke 


at  a  2-m  Altitude  at  Time  H— 9  min  at  a  2-m  Altitude  at  Time  H— S  Min 

(Ref.  15)  (Ref.  15) 


1-18 


Figure  4-20.  Concentration  of  Phosphorus  Figure  4-21.  Concentration  of  Phosphorus 

Smoke  from  WP  Munitions  at  a  2-m  Altitude  Smoke  from  PWP  Munitions  at  a  2-m  Altitude 

at  Time  H+4  Min  (Ref.  15)  at  Time  H+4  Min  (Ref.  15) 
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Figure  -1-22.  Come  titration  of  Smoke  from 
VEESS  at  a  2-m  Altitude 

-I-7.H  VEHICl  LAR  IH  ST  EXAMPLE 

Hie  u  liitiil.ii  tliisi  ttimlui  tA.iinpli  ilhtsiiaiis  (lit' 
tit isl  laisetl  li\  lilt'  inoutuetil  til  a  limit ii iml  lillt-  banal- 
ion  riit-  lt,m.« I i< in  I i.t s  drift-  t  umpanifs.  eat  h  nl  u  lut  It 
has  It  nil  tanks  ami  10  BMPs  *  In  this  illu\iiaiitiii,  i  lit' 
t  ninpaiiies  appmath  ti i  tin  (lit-  east  in  itiltitini  lot  nut  - 
mm  ami  then  deploy  into  wedge  aiut  lint'  loiniaiion  to 
ail.n  k.  St'iuiaiion  iMiwmnohniuisisahoul  MM'm.ami 
uliit  It  s  within  ilir  «  dIiiiiiii<>  ait  about  Ml  in  apatt  ami 
inovt'  at  .<  to  a  in  s.  As  tin  ioni|Kintt  s  gioup  toatiai  k. 
tilt-  tioitli  ami  south  toni|Kiiiiis  It u in  lint'  lointatioiis 
with  a  iioith-souili  lint-  ol  tanks  followed  h\  a  line  ui 
BMIN.  I  hfit  iitti  toni|Mti>  Ini iiis  a  wedge— a  noith- 
south  line  ol  tanks  lollowt  tl  by  two  lint  s  ol  BMIN.  Ihe 
lint  lot  mat  ions  ait'  alMiut  aOOin  with'  (not  ill -south)  anti 
:UH>  in  long  t  east  •  west  i:  ilu-  wedge  is  altotu  UM)  hi  with' 
and  lad  in  Umjn . 

*BMPS.  like  tanks,  ait-  Hat  kid  ulm  It  s. 
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Figure  4*23.  Coiuentralion  of  Dust  at  a  2-m 
Altitude  from  Motorized  Rifle  Battalion 
in  Column  Formation 

I  in.  I '2.1  illtistiaifs  thist  tom riinauun  at  a  Jin  alii- 
tilth'  lot  tin  1 1 mii| iti nit's  as  they  just  stan  iht'  natisition 
I  mm  tin  tulunni  to  tin  a  Hat  k  loiniaiion.  (.7.  piotlut  is 
ol  thist  aif  intlit  att  tl  lot  st'lt't  led  lint  s  tluongh  the  dust 
t  lotttls  I- ij;.  ! -2 1  illtistiait  s  tlust  tom I'tiitaiion  lot  tin 
.mat  k  loim.itiuu.  I  bust-  dust  tomentiaiitins  mas  In- 
used  in  Ftp  1-.1  to  fstiniatf  ohst  illation  tint'  to  u  liit  It- 
geiifiated  dust.  Downward-looking  opt  it  a  I  depths  ol 
u  liit  ulai  thist  ate  not  intlutletl  lietause  the  Ol)  values 
ate  sets  low;  ohst  illation  ol  dowmvnitl-looking  sensois 
hs  seliit  ulai  dust  is  not  signlitaiit. 

Figs.  I-2.H  and  KM  show  thist  raised  by  velm  ulai 
nioseim  nt  over  th  y.  umegeiated  terrain  with  about  10% 
silt  tonient  in  the  soil,  If  the  ground  is  wet  oi  coveted 
with  dense  vegetation,  no  significant  amount  ol  dust 
will  be  raised.  II  the  soil  is  very  silty,  ihedusuoiKcniia- 
tions  will  Ik-  higher  than  those  shown. 
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Figure  4*24.  Concentration  of  Dust  at  a  2-tn 
Altitude  from  Motorized  Rifle  Battalion 
in  Attack  Formation 
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Ptndtu  turn  Rales  for  Tracked  Venules.  US  Army 
Anucispbei  ic  Sc  iences  latbnratnry ,  While  Santis  Mis¬ 
sile-  Range,  NM.  1983. 

I).  W.  I  hunk  and  R.  A.  Sutlmlantl.  Modeling  the 
Complex  Dirtx  Battlefield,  US  Army  Atmospheric 
Sciences  1-ahorntoiy.  Whitt-  Sands  .Missile  Range, 
NM.  1983. 

Maivin  D.  Ka\s. et  al,.  Qualitative  Description  of  Ob¬ 
scuration  Eat  tors  m  Central  Europe,  ASl.  Mono- 
giapliNo.  l.l'SAtmv  Anncispluiic  St  ieiues  laibot- 
aloty.  While  Sands  Missile  Range.  NM,  1980. 

Hi  me  W.  kctuieth.  Ed..  Dusty  Infrared  Trst-ll  tDIRT- 
If  i  Program.  ASL-  I’R-OO.ri8,  US  At  my  Atmnspliei  ic 
Sciences  CdMil.itoty,  White  Hands  Missile  kahge. 
NM.  1980. 

Raj  k.  khannaund  t  lei  man  L.  \\\\n\cn\,()pin  al  Prop¬ 
erties  ol  I'rhuiilar  and  Vegetative  hre  /'rnt/m Is, 
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Mndrlnigof  Transient .lrrovo/v. S|*-<ial  Rejxiit  RG- 
M2-I.  l“S  Am  >  Missile ( a luiuiand.  R.dsioitc  Aisenal. 
AL.  1982. 

Bliait  k.  Maine,  et  al.,  RICT-lll  HE  Dust  Data  Redtu  ■ 
lion  Data  Report,  ASL-DR-81-001,  US  At  toy  Al- 
inosplietii  Sc  ietu c-s  I^iIm it  iioi  >.  White  Sands  Missile 
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M.  E.  Militant  and  I).  II.  Ancietsoit.  Oh.sc  oration  St  irn- 
c rv  Smoke  Data  Compendium:  Standaid  Smokes 
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Other  Data  Sources 

i  addition  to  the  documents  mentioned,  the  proceed¬ 
ings  of  relevant  symposia  are  excellent  data  souices. 

These  include 

1.  FOSAEL  Work-  op,  sponsored  by  the  US  Army 

mospheric  Sciences  Laboratory,  While  Sands  .  lis- 
sile  Rant*  ,  NM. 

2.  IRIS  Symposium  on  Infrared  Countermeasures  and 

’US  Symposium  -  n  Infrared  Imaging  Systems, 
t  nducted  for  iheCiiiteof  Naval  Research  by  Envir¬ 
onmental  Research  Institute  of  Michigan.  Ann 
Arbor.  MI. 

3.  Smoke  Obscurants  Symposium,  sponsored  the 
Progr.  m  Manager,  Smoke  Obscurants,  Aberdeen 
Proving  Ground,  MD. 

t  Snow  Symposium,  sponsored  by  the  Cold  Regions 
Research  and  Engineering  laboratory.  Hanover, 
NH. 
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CHAPTER  ft 

OBSCURATION  FACTORS  AND  SYSTEM  DESIGN 

This  chapter  explains  the  measures  used  to  calculate  the  performance  of  imaging  and  nonimaging 
systems.  It  discusses  how  naturally  occio » ing  obscurants  and  battlefield-induced  contaminants  degrade  or 
defeat  sensor  performance,  and  it  provides  sensor  defeat  mechanism  tables  indicating  the  potential  severity 
of  the  defeat  mechanism  on  different  sensor  classes.  Example  problems  show  explicitly  how  to  calculate 
obscurant  effects  on  different  sensor  (  lasses  and  sensor  designs. 


5-0  LIST  OF  SYMBOLS 

.1,  ~  receiver  effective  a|X‘tunc  area,  km' 

.ft  =  target  area,  nr 

(.'  =  concentration  of  obscurant.  g  in' 

C»  —  target  contrast,  dimensionless 
(,'J  =  apparent  target  contrast  at  sensor,  dimen¬ 
sionless 

C.l.  =  toiuentialion  path  length  ptixluct.  g  in' 
i  —  speed  of  light,  km  s 
f'.lff  =  false  alaitn  rate,  s  1 

t.tftr  =  pei  pulse  false  alai in  tale,  dimensionless 
li  -  taiget  height,  in 
I,  -  t  ut  tent  al  (teak  noise.  A 
/.  *  « intent  ai  |ie.ik  signal.  A 
/,  -  i  uneni  ilneshold.  A 
/.  -  |Mthlengtho(Ml»vtnatii.ni 
A/  -  ’utgct-tu-hr.un  ratio,  dimensionless 
AI/>7‘  -  nuniiuuin  detei  table  lenijm.iiuie  ddleieii.  e. 
k 

A lltt.  inintiuuin  n-vdsalde  lomtast.  dimension- 

less 

MR  /"  -  inntitunni  tevdsable  titu|xtauitr.  K 
VI  Tt  motbilaiion  lianslei  lnn<  non.  thownsinitlcss 
VM*  '  drift  lot  nniu- iipitsalcitl  jiossri.  \V 
NIT  iioiv  ts|tm.ilt  iu  ii  in|x  i.iiiui  .  k 

it  |tdiiivin  million  foi  the  task.  thuienMon- 

li'ss 

n,  -  iitmihn  of  i  y<  it-s  irvdved  ai  loss  die  tatget. 
ilutiensionless 

/*  -  pinhabdits  td  task , in oinplislnnenv  diuuii- 
sionless 

l‘j  -  |xnbahiluv  ol  delis  lion,  dinieustoniess 
-  inoliabilils  ol  (ulw  alut m.  thutt  iisiniilrss 
#*.  =  te*  rived  signal  jmsvei.  W 
/*,  -  pi-ak  n.insiniitet  (mssei.  \\ 

H  ~  tange.  km 

Hm  -  inuMtnuin  design  tange.  kin 


SNR  —  signal-to-noise  ratio,  dimensionless 
SNR ,  =  signal-to-noise  ratio  of  voltages,  dimension¬ 
less 

T.  =  receiver  opt  it  s  transmit  tam  e,  dimensionless 
T,  =  transmitter  optics  transmittance,  dimension¬ 
less 

T(A)  =  transmittance,  dimensionless 
T.( A)  -  atmospheric  contrast  transmittance,  diinen- 
siunless 

AT  =  target  thermal  signature,  k 

AT'  =  apparent  tatget  thermal  signature  at  sensor. 

k 

i  =  nme  intei vat  between  laser  pulse  and  radia¬ 
tion  signal,  s 
tj  =  detei  tm  ott-tnne.  \ 
l‘  »  visibility,  km 

6  ~  hall -angle  laser  Iream  divetgenie.  ntrad 
8  3  angle  In  i  wren  target  ami  beam,  deg 
*■  “  \{Mtral  lies|uen<  v.  i  viles  intail 
e,  -J  taiget  spatial  fm|tieniv,  ivtlrs  ini.ul 
0,  lutgn  tcflcitamr.  dltiirttsioivlrss 
r  ~  l.ivi  pulse  width,  s  oi  ns 
<t>  ~  taigii  angtdai  sire.  uua«l 

5-1  INTRODUCTION 

Hus i liaptet  lovers  thtiv ma|ot  lupus:  (lnhesetivii 
IM'iliMiiiame  inrasiuvs  iivil  to  evaluate  imaging  and 
nonittiaging.  passive  and  at  live  sc  nvus.  (Ut  the  mei  ha- 
nisinsbv  sslrii  h  v-iisor  |Mi]onnutt<<is  im|Mireilbv  tt.it - 
malls  omitting  .tintospltein  lonsttiiH'iits  and  battle- 
1  it  UI-indiH  ol  tonMininaiiis.  anil  (At  the  i  aliulation  of 
idrvmaut  i-fleitson  u-iivh  |x-tlntmumr 

t  he  system  jxiloimaiiie  nteasuies  .tie  dcwtilxil  to 
jmi  ,'i-U.  Fknuo-opoi.il  <kO»  atal  imlliiiM’let  wave 
(ittmwl  sriiMii  defeat  inn  hanistns  are  dev  tibni  in  |Mt . 
VA.  whiili  alvt  im  links  tables  loirelanng  the  ilefeat 
inn  liaiiisitts  with  nuiuialot  haltlriirld-mdut  rdnlm  ut  - 
ants  in  die  visible  and  near  infiaml  (IR>.  tbertn.il.  and 
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immv  sjxvtral  unions.  The  tables  also  indicate  the 
potential  impact  of  the  obscurant  on  sensor  jx-rfor- 
inance.  The  illustrative  examples  in  par.  5-1  lead  the 
user  through  c  alc  ulationsofob.se  tirant  effec  ts  on  sensor 
jx-rformance  by  using  material  developed  in  Chapters  3 
and  4  and  the  sensor  performane  e  measures  presented  in 
par.  5-2. 

5-2  SYSTEM  PERFORMANCE 
MEASURES 

This  paragraph  describes  measuies  of  system  jxr- 
lormance  for  jussive  imaging  systems,  jussive  non¬ 
imaging  systems,  and  active  nonimaging  systems,  it 
addresses  three  basic  levels  of  jx-t  formant  c:  laboratory 
jx-i  formant  e.  one-on-one  field  jx-rformunte.and  sensoi 
effectiveness,  laboratory  jxifoiinaiuc  is  a  ineasme  of 
how  well  the  system  ojxrates  in  the  absence-  of  envi¬ 
ronmental  elfetts  and  may  include  such  measuies  as 
system  resolution  (feu  imagetsfor  system  sensitivitv  and 
noise  level  (lot  nonimaging  s\  stems).  I  he  tesolmionol 
.t  system  tlesctilx-s  the  ability  ol  a  system  to  it‘|>nxtutc 
tletail.  in  the  scene  image,  lire  sensitivity  ol  the  svstem 
dest  t  ilx-s  the  ahilitv  ol  the  svstem  to  detect  low  c  outlast 
latgits,  .Subjective  tc-solntion  is  a  jk-i  humane  c  inc.isuir 
that  tin  Icicles  the  ellee  t  o|  the  human  olrset  vet  using  the 
svstem. 

Otreott'cine  held  jx-tlor manic-  c  ah  illations  iianslatc 
lalxuaioiy  |M-tlottnanie  measures  into  an  ojM'iattoual 
envitoument.  ll\cv  incite  ate  how  well  the  svstem  cull 
jxtlonn  against  a  s|xtthtd  tat  get  tn  a  sjx-cified  tint- 
tonmem  and  mchule  the  e-lle-cts  ol  the  annosjdiete. 
Measures  ol  held  |x  th»tmanie  tin  hide  target  de  les  non 
range  at  a  sjhs  this'  pi  attain  lit  v  ol  dries  non  Pj.  the  time 
letpimsl  to  acc|Uite  a  ratget.  and  the  lalv  a  hum  tale, 
who  h  ntdtc ati-s how  mam  nontatgrt  oltjec ts an-  l.dsrlv 
idem  tiled  as  tat  gets.  Otteou-otte  scnvit  c-flcs  ttvettess.  as 
civs)  ut  this  handbook,  tsa  tueasoie  ol  how  often  cvslt.it 
|*  ic  ent  ol  the  lintel  the  svsiritt  will  jx-tlotm  at  a  sj*s  t- 
lust  held  inhumane  e  level  in  a  sj*silicsl  h*  am  hi  It 
llti  Icicles  die  elles  I  ol  esjKsird  vaiialiiuis  in  .unto- 
sjehette  lonchtioits  and  the  vosimitv  of  tat  get  signa- 
titles  to  th«*sr  vaitattoits.  h  dew's  not  hit  hide-  sen  It  engi¬ 
neer  mg  tittMstti  >-s  as  sv  stem  t  ehahilit  v  t  ate  ut  mean  t  title 
between  iarhlte.  Measmesol  ihelultleheldelhslivemss 
ol  a  svstem  ut  one -on-mam  ot  nuns -«»tt- mans  sc  mar 
tos  an  In-soncl  the  scojx-  of  dns  engincssing  di'Mgn 
handliook  I'l-t humatn  e  oteascites  lot  jussive  imaging 
sense  its.  jussive  nommagmg  se-ttsois.  and  active  non- 
imaging  sc-itsoisatr  Itstcsl  in  I  able  5-1  anil  ties*  i  iUsl  in 
juts.  ’>-2  1.  5-2.2.  and  5-2..1.  tesjusttvelv 

I  Ins  hatldlxMik  does  not  ntc  htdeac  ‘tve  imaging  svs- 
rents.  Active  svstem  mtagetv  will  dillc-i  Iteim  jussive 
linage! v  m  lout  tesjxsls:  cl)  die  active  svslein  taiget 
signaluie  t'  cleic-t mined  In  the  ic-llcs  lance  <>(  the  laigei 
ai  the  ilhiunnaiiN  wavelengilt.  e2*  the  image  nta*  eon- 


TABLE  5-1.  SENSOR  PERFORMANCE 
MEASURES 


Sensor 

Laboratory 

Performance 

Field 

Performance 

Passive 

AIRT • 

Pj  at  fixed  range 

Imager 

MRC* 

Range  at  fixed  Pj 

MDT • 

Time  to  detect 

Passive 

SNR 

Pj 

Non  imager 

FAR 

Range 

FAR 

Active 

SNR 

Pj 

Nonimager 

FAR 

Range 

FAR 

’Dehnesl  ill  juts.  5-2.1.  5-2.2.  and  5-2.3 


tain  thesjx-e  klcc  haiae  tiiisiie  olcoheu  nt  illumination. 
(3)  t  lie-re  aie  no  shadows,  and  (  I)  ilte  night  images v  is 
usually  equivalent  io  die  daytime  imagery,  Natnial 
atmosjdii'iic  ac-iosols  and  luttlelielil-iiiduted  aeiosols 
will  sc  at  ter  enc-tgy  Iwc  k  into  the  ac  live  system  tec  ei  vet ; 
with  aeiosols,  Itac  kstaitt-i  is  the-  |>i  iitt.ti  v  cause  ol  active 
svstem  |  x-|  lot  malice  degtadatiou.  I  he  ellee  is  o|  molet  - 
ulat  ahsoijniun  and  scam-ting  mi  active  lasts  ot  utiuw 
images  \  leseaihle*  aimos|ihctii  files  is  on  active  non¬ 
unaging  s\  stems,  hut  the  elles  t  is  mote  seven-  Ixs  auseol 
the  lespimment  lot  two-wav  uatiMiiitiancc-  ol  tin 
dhnmo.iieii  laeh.tlioti 

5-2.1  PASSIVE  1MA(;IN(;  SYSTEMS 

the  lalxnaioiv  |xsiorniaitti  incase  tits  hit  jussive 
imaging  sv  stents  (elate-  svstem  u-sotmiem  .sod  svstem 
settstnvttv.  Svstem  tescdntie -n  is  given  h.  the  swicsn 
itteMhdauon  ttaitdet  Imu lion  MTF.  which  n  a  set  o| 
values  dc-scnhiitg  the  rifts  ttvettess  with  which  the  svs 
tent  le|ile*hlu\lhle .  till  last  ol  a  htglt<  -eitll.wt  lui  latgel 
as  a  loin  non  oi  die  augulat  sjuuog  ol  the  Itats.  1  he 
augulai  Imi  sjusUig  is  usoallv  tAjm-ssed  in  let  tits  ol 
c  vc  |rs  jmi  email  A  c  vc  It  is  one  line  juit  (our  hl.w  k  Iwi 
and  eitte  while  lui  i.  a  on. cel  is  die  angle  suhti  tided  hv  a 
om  -meiri  taiget  at  a  disiatii  eol  one  km  h»g  5- 1  shews \ 
lh«-  W  /‘A  icnvc-  ini  a  « he  lm. 1 1  imaging  svsic-en  v»nh  a 
lesohitteut  Itnui*  ol  017  nuael 

Mie  *'>es live-  ii-sohitcou  <»l  an  eiit.iguig  svstem  is  a 
lalxnai  iic.isuiicnenl  « >f  the  lowest  le utj* i.iuue-  oi 
eeittliasl  elilh  it  tlee  Irleeii  ii  a  lut  juileilt  and  lire  lv.ee  k 
;iouitd  ih.cl  Is  lesolv  ahle- lev  a  human  obsetvt  i  using  the 
device.  Il  on  hides  the  svsieni  MTF.  die  human  evr 
le  sjMHtv  oiivc.  and  the  U/'f  ol  attv  svstetu  chsjdav 
Ihese  itueshold  :iHHi.isl\  ih  le  tojMialoie  ddhirnus 

*<  eieii  .ei  lee  oie.il  me. ice  is  aie  lietiile  el  in  le  «.i|,io>»o  Its  die 
ill  tss  list  sir  the  |e  solution  Inilll  ol  lllin  ss  stems  Is  cite  attgli 
Millie  lleleet  IIS  ill!  efetisli* 
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Figure  5-1.  Modulation  Transfer  Function  vs  Spatial  Frequency 

atr  him  imhi\i)I  the-  bat  jwitrrn  \jwiial  ltrtjt»riu\  The 
nmmmim  irvilvahlr  trtti|*r,itmr  ttiHcirmr  MKT 
i  tilNr.  IImnI  fm  4  tllrtlit.il  tm.lKrt.  In  thtlN  4  |j|nt  ill  thrltai 
patintt  n|MII4)  licqiM-m*  vxihrtttiiiittiMitt  trm|>rt4nitr 
ilifirrrtitr  trvtlublt'  41  that  n|uimI  lm|ur»i  v.  lie  iv’ 
nIhiwn  tin- .W/r/  i  utNr  lot  lltrO  iT  ittiatl  tlnitti.il  ittMKt't 
nIihin  n  m  he  M 

Amultei  tm.iNUM  t«l  H.IR*  nnnuim  pctlmni.itin  in 
•mttitttiiiit  itriex  table  tnti|irt,ilWtrilillrtnitr.U/>'r  MDT 
in  4  niiIijin  ii\r  iiiraMiir  nl  the  ttuii.  Itiitn  tniijKiatuir 
iltlli  irtli  i  ii'i|uiml  III  ilrlrt  I  4  l  Hi  lllill  njwM  ml  thr  ill*- 
|>lat  4n.i  him  In  mi  ul  I  Itr  aityiil.it  Niibtrnvr  nl  thr  Njmi.  It 
in  ,i  UH4NIIH-  ul  ihr  Irnitiny  IhH  njuii  lirintiiin  unerol 
ill-  *NNinii. 

Ihr  iiiiiiiiiihiii  iruilublv  i  mil  tail  MKT  nmr  -mil 

IlM  light  IrNrl  NTtlNtllNr  NNNll'IIIN.  IN  4  ( lie  It  111  I  Ml  |Mttrttl 
i iiiiII4nI  \ n  trwiix.iblr  N|Mll.i)  (trf|Hem  n  at  a  NjinihnI 
iijctii  !»-%*!.  A  m  i  ul  MK(-  iiiini'n.  inn-  jm  light  IrNrl.  in 
Mu'll  iii  ilrvtubr  nr.  ilai  Night.  irlr\iNinii.  ami  image 
lllli'iiNiiiri  (I*;  |iri(iitmaiur  he  >3  nIiiiinn  thr  rvr 
MKl.  t  mini-  umlrt  iia\liKhi  iiuhIiihmin 


*Kimh.iiiI  (mill  uk  mil  ami  iH  IK  in'  •!'  ihn.h.'  lint  mat  mux 
MIX  N\ Nil  H|\<l<  N<  |l>)*'ll|l*  MW-lliailll.lll.llw  .HtlMI'lll  H.IR  IN 
nhrit  iiunI  ;h  nub  .ilr  am  llwtmal  iittayHiy  nnniiui 


Figure  5*2.  Thermal  Imager  M XT  Curve 
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Figure  5>3.  Eye  MRi,  Curve,  Daylight  (Ref.  1) 


Mir  Mihjcetivr  resolution  t  tines— MUT,  01 
MHC— may  !«•  nsetl  loilrieriiiinc  ihr  sysit-m  resolution 
nutlet  licit!  tontliiioiis.  This  system  resolution  is  nans- 
hurt!  in  Iteltl  (KiloiiMantt  using  a  set  ol  .speiiinental 
i  tilt  s  known  as  ilic  Johnson  tritciia  ami  a  ptohabiliii 
ineasiur.  ilu  target  naiislri  probability  time.  1  lie 
|ti|iiistiii  tiiiriia  anti  lilt'  latget  itanslti  probability 
nine  will  he  explained  following  a  tlist  tissinn  til  sys¬ 
tem  icsoltitinn. 

I  n  it-lait  ilic  stiiijct  live  resolution » unes  in  Figs.  r»-2 
anti  :»-.H  iti  svsifin  irvilmion  in  ilit*  lieltl,  two  tout t*|>is 
nnisi  Ik'  tlist  ttssrtl:  taiget  s|uiial  fietpirnty  atul  ap| Mi¬ 
nn  tat  gel  signattnr. 

I  lic  sjMUal  lietpicni  y  v  irvrlsetl  by  ilic  system  is 
tlt-lintxl  in  let  ms  ol  ilit-s|Miial  lietjoeni  y  ol  a  liai  pattern 
cxpiessetl  in  linns  ol  t  yt  les  miatl.  A  tat  get  at  tangt*  H 
lias  at;  angulai  st/c  given  by 


<t>  —  !l,  nit  ad  (5-1) 

li 

where 

It  ~  target  lit  iglit,  m 
li  ~  tange,  km 

l  lie  taiget  spatial  lietpiemy  t»,  is  the  ittiprtxal  ol  its 
angulai  si/e: 

v,  —  H.  tyt  les  tnratl.  (5-2) 

h 

Hi  ilelinition.  the  ,\/W7' t  tuve  lot  a  thermal  imager 
gives  the  inininitiin  lesolvable  iein|xiiiinc  tlilfeieiue 
Otlt'ieiit  etl  to  a  .’>00  k  bat  kginimtt)  ittptiietl  loiesolvea 
Imi  iMtiein  with  s}ratia!  fretpienty  e.  It  tan  also  Ire  it'atl 
ill  in  tl>  to  give  the  tut  get  thermal  signature  AT  (again. 
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by  definition.  referenced  to  a  300-k  background) 
required  to  it  solve  a  target  of  spatial  frequency  v,. 

Sitnilatly,  the  MRC.  curve  for  a  light-level  sensitive 
system  (visible,  I\  or  television)  gives  the  minimum 
contrast  signature  requited  to  resolve  a  bar  pattern  of 
frequency  v.  The  target  contrast  C„  required  to  resolve  a 
target  of  spatial  frequency  v,  can  be  read  directly  from 
the  system  MRC  curve. 

The  apparent  target  signature  is  defined  as  the 
amount  of  radiation  from  the  tat  get  in  the  sensor  spec¬ 
tral  band  at  the  sensor  aperture,  it  includes  the  effect  of 
atmospheric  extinction.  The  apparent  target  thermal 
signature  AT'  at  a  thermal  imager  can  be  obtained  by 
multiplying  the  target  thermal  signature  AT  by  the 
atmospheric  transmittance  T(A)  in  the  sensor  spectral 
band: 

AT'  =  T(X)AT  ,  K  (5-3) 

where 

AT'  =  apparent  target  thermal  signature  at  sen¬ 
sor,  K 

A7  =  target  thermal  signature,  K. 

Thus  the  '/KT  curve  for  a  thermal  imager  can  Ire 
used  to  determine  the  spatial  frequency  resolvable  at  a 
given  A 7” by  simply  equating  the  MRT  to  theappareni 
thermal  target  signature  AT'  and  reading  from  the 
dirve  the  spatial  frequency  v  the  system  can  resolve  at 
the  MRT  value. 

The  target  thermal  signature  used  in  Kq.  5-3  may  be 
obtained  from  measured  values  or  analytical  models.  In 
the  absence  ol  stu  b  data,  the  target  signature  values 
from  Table  5-2  may  be  used.  The  AT  values  in  Table  5-2 
are  average  8-12  gin  tank  thermal  signatures  and  3-5  pm 
man  thermal  signatures  for  four  seasons  and  three  times 
of  day  (early  morning,  afternoon,  and  night.) 

For  light-level  sensitive  systems  (visible,  I\  and  tele¬ 
vision),  the  appatent  target  signature  is  the  apparent 
contrast  f.’.lol  the  target  (in  the  sensot  spectral  band)  at 
the  sensor  aperture.  It  can  be  obtained  using  the  con* 
trust  tiansmittame  equation 

C',  =  C„  Tt(K)  .dimensionless  (5-1) 

where 

~  target  cuniiuM  signature,  dimensionless 

V.(A>  =  aimosphetie  (outlast  tiansmittame, 
dimensionless. 

I  he  MRC  ( ui  ve  lot  a  light-level  sensitive  system  i  an 
Ik-  used  to  determine  the  spatial  frequency  resolvable  at 
a  given  by  equaling  the  MRC  at  the  appropriate 
light  level  to  the  apparent  target  contrast  signature  C,! 
and  then  reading  the  spatial  frequency  v  the  system  c  an 
t esolve  at  that  light  level. 


TABLE  5-2.  AVERAGE  SEASONAL 
THERMAL  SIGNATURES  (Ref.  1) 

Thermal  Imaging  Systems  (8-12  pm) 

Central  European  Environment 

Signature  of  Exercised  lank  Target,  Front  View 

Season  Cloud _ A7~,  K. _ 

Condition 


Early  Morning  Afternoon  Night 


Spring 

Clear 

1.0 

2.6 

1.4 

Overcast 

0.5 

0.9 

0.5 

Summer 

Clear 

1.2 

3.5 

2.2 

Overcast 

0.5 

1.3 

0.8 

Fall 

Clear 

1.0 

2.6 

1.4 

Overcast 

0.5 

0.9 

0.5 

Winter 

Clear 

0.9 

1.8 

0.9 

Overcast 

0.4 

0.6 

0.4 

Hand-Held  Thermal  Viewer  (3-5.5  pm) 
Target  Signature,  Man  Target _ 

Season  AT,  K 


Early  Morning  Afternoon _ Night 


Spring 

4.0 

4.9 

4.5 

Summer 

5.7 

8.1 

6.5 

Fall 

4.0 

4.9 

4.5 

Winter 

3.3 

3.0 

3.5 

The  target  contrast  signatures  used  in  Eq.  5-4  may 
also  be  derived  from  measurements  or  analytical  mod¬ 
els.  Tables  5-3  and  5-4  give  values  of  target  contrast 
signatures,  which  may  be  used  to  estimate  the  target 
contrast.  Table  5-3  gives  average  tank  contrast  signa¬ 
tures  in  the  Is  band  (0. 4-0.9  pm)  against  dirt  and  grass 
backgrounds  at  three  ambient  nighttime  illumination 
levels.  Table  5-4  gives  average  daylight  tank  signatures 
in  the  visible  band  (0.I-0.7  pm)  with  dirt  and  grass 
backgrounds. 

A  critic  al  number  lor  imaging  system  talc 'illations  is 
the  number  of  cycles  n,  the  system  ( an  resolve  amiss  the 
target.  It  is  the  ratio  of  the  system  resolution  v  at  the 
apparent  target  signature  A /"or  to  the  target  spatial 
frequency  v,  al  the  sensor 

Hi  =  vlvi,  dimensionless,  (5-5) 

The  value  of  n,  decreases  with  increasing  tange  to  the 
target  because  of  changes  in  the  target  angular  si/e  and 
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TABLE  5-3.  AVERAGE  SEASONAL  TARGET  CONTRAST 
SIGNATURES  C„  FOR  IMAGE  INTENSIFIERS  (Ref.  1) 


Image  Intensifier  Systems  (0.4-0.9  pin) 
Target-to-Background  Contrast  Signatures 


Tank  Target,  Front  View 

Sensor 

Background 

Season 

Full  Moon 

Light  Level 

1/4  Moon 

No  Moon 

Starlight  Scope 

Green  Grass 

All 

0.2! 

0.22 

0.29 

Crew  Served  Sight 

Dead  Grass 

All 

0.42 

0.40 

0.37 

M35/M36  Periscope 

Dirt  Road 

All 

0.61 

0.60 

0.57 

NV  Goggles 

Green  Grass 

All 

0.26 

0.28 

0.34 

Dead  Grass 

All 

0.40 

0.38 

0.36 

Dirt  Road 

All 

0.60 

0.59 

0.57 

TABLE  5-4.  AVERAGE  TARGET  SIGNATURES  Co  FOR  DAY  SIGHTS  (Ref.  1) 


Eye  And  Day  Sights  (0. 4-0.7  gen) 

Contrast  Signature  of  Tank  Target,  Front  View 

Sensor 

Background  Season 

Time  of  Day 

Early  Morning 

Afternoon 

Eye- 

Green  Grass  All 

0.03 

0.03 

Day  Sights 

Dead  Grass  All 

0.44 

0.44 

Dirt  Road  All 

0.61 

0.61 

apparent  signature.  The  target  angular  size  becomes 
smaller  with  increasing  range,  which  increases  the 
target  spatial  frequency  e,.  The  atmospheric  attenua¬ 
tion  of  the  target  signature  is  greater  at  longer  ranges, 
which  reduces  the  apparent  target  signature,  whic  h 
thus  reduces  v. 

I  he  experimentally  derived  Johnson  c  riteria  are  used 
to  relate  system  resolution  to  field  pcrlormuuec.  The 
Johnson  criteria  spec  ify  the  number  of  cycles  n  that  the 
system  must  resolve  across  the  target  in  order  to  perform 
a  target  detection  or  discrimination  task  with  .Wo  prob¬ 
ability  (Ref.  I ). 

The  levels  of  performanc  e  spec  if  ied  by  the  Johnson 
c  riteria  are  detection,  recognition,  c  lassification,  and 
identification.  These  terms  have  precise  meanings. 
Detec  tion  is  the  ability  to  distinguish  that  an  artifac  t 
within  the  field  of  view  is  of  military  interest.  Classifi¬ 
cation  is  the  ability  to  distinguish  a  target  by  general 
type,  eg.,  as  a  treked  vehicle  it,., lead  of  a  wheeled 
vehic  le.  Recognit.  >u  is  the  ability  to  discriminate 
between  two  targets  n!  similar  iy|>e  hoi  example, 
recognition  would  allow  the  observer  to  distinguish 


between  two  types  of  tracked  vehicles— i.e.,  armored 
personnel  carrier  (APC)  vs  tank.  Identification  is  the 
ability  to  disc  riminate  the  exac  t  model  of  a  target,  Tot 
example,  identification  would  allow  the  observer  to 
distinguish  a  T-62  from  a  1-72  tank, 

The  Johnson  criteria  for  visible,  I",  and  thermal 
imaging  systems  are  shown  in  Table  5-5.  The  Johnson 
criterion  for  recognition  lot  a  thermal  system,  lot 
example,  is  I  cyc  les.  This  means  that  for  hall  ol  the 
observers  to  recognize  a  target  through  a  thermal  imag¬ 
ing  system,  the  imager  must  resolve  I  cycles  across  the 
target.  To  identifv  the  target,  the  imager  must  resolve  8 
c  vc  lew  ac  ross  the  target. 

To  smmuaii/c.  the1  Johnson  criterion  n  gives  the 
mnnlrct  of  eye  les  that  must  Ire  resolved  ac  toss  the  target 
to  ac  complish  a  task  at  the  50"«  probability  level.  I  he 
number  of  cycles  n,  resolved  by  the  system  ac  toss  a 
specified  target  is  determined  from  lire  system  .W/f  Ten 
MKC  curve,  the  apparent  target  signatute.  and  the 
target  spatial  frequency  (size  and  the  range-  to  the 
laigci).  If  n  equals  the  probability  ol  accomplishing 
the  task  is  50V 
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TABLE  5-5.  JOHNSON  CRITERIA  n  FOR  TASK  ACCOMPLISHMENT, 
50%  PROBABILITY  LEVEL  (Ref.  2) 


Probability  of 

Number  of  Cycles  Resolved  Across  Target  Critical  Dimension 

Accomplishing  Task 

Detection 

Classification 

Recognition 

Identification 

Thermal  Sensors, 

Tank  Target 

0.50  ' 

1.00 

2.00 

4.00 

8.00 

Hand-Held  Thermal 
Viewer,  Man  Target 

0.50 

1.50 

1.50 

1.50 

Day  Sights  and 

Image  Intensifiers, 

Tank  Target 

0.50 

1.00 

2.00 

3.00 

6.00 

Image  Intensifiers, 

Man  Target 

0.50 

too 

1. 00 

1.00 

The  process  is  illustrated  by  the  nomogram  in  Fig. 
5-4,  used  for  estimating  system  performance  for  the 
crew  served  weapon  sight,  a  passive  1‘  system,  against  a 
tank  target.  The  target  signature  C„  (uppet  left  scale)  is 
multiplied  by  the  atmospheric  contrast  transmittance* 
T.(X)  to  obtain  the  apparent  contrast  C'„'(X)at  the  sensor. 
I  he  subjec  live  resolution  curve  is  used  todetei  mine  the 
spatial  frequency  i»  resolvable  at  the  apparent  contrast. 
Fot  this  l:  system  in  moonlight  conditions,  the  system 
can  resold  a  spatial  hequettcy  e  ol  about  2.7  i  nlcs 
in  rad  i(  theapparent  target  contrast  at  the  senso  is  0. 18, 
The  target  detection,  tecognition.  and  idettt  lication 
sc  ales  at  the  botton  ol  the  c  halt  yield  task  |h*i Immune  e 
tange  at  the  .>0"#  ptohalrility  h  eel.  Km  the  case  illos- 
trated,  the  1  system  can  detect  a  lank  at  about  5.8  km 
and  tecogni/e  it  at  about  1.0  km  Hie  tange  stales  on 
Kig.  .VI  are  genet atecl  hv  lalctdating  t.ugei  spatial  he* 
queue  v  i*.  as  ,i  I unc  lion  ol  lauge  ten  a  2,2  cn  lank  target 
and  applying  the  Johnson  uiteiia  in  I  able  VI  n> 
clelei  mine  the  mimlH  i  ol  i  n  les  n  lequi  ed  to  |m  iloini  a 
task  at  that  tange. 

Km  .i  given  tat  gel  and  annosphetc.  the  piiikilnlity  ol 
accomplishing  the  task  is  detei  mined  limn  the  Johnson 
i  lilei  ion  n  lot  the  task  and  th  iinmbci  ol  cvih-s  »», 
lesolv  edac  toss  the  tat  gel  midei  the  input  <  ondiuonsbv 
using  an  ev|k  i  miem.illy  del  ived  relationship i  ailed  the 
tatget  ttatislet  ptobability  itnve.  I  he  taigct  naiislet 
piobabthtv  ot  an  omplisliing  tin  c.isk  is  cssemt.iUv 
|(Kt“i.  II  it,  it  equals  I  .ft.  the  ptohahtlm  is  50V  as 
tvqtmcd  Its  the  Jotnisou  c  lileiia. 

1  he  data  tn  Kig.  a-',  mat  also  Ik  used  to  set  pmlubil- 
tty  levels.  It  a  ptoluliiltiv  ol  80*  „  is  letpiited.  lot 
iitst.mce.  the  value  ol  the  Johnson  t  met  ion  is  multi 


plied  by  a  faaor  of  I  T;  the*  value  of  n,  it  t  ouesponds  to 
80%  detection  probability. 

5-2.2  PASSIVE  NONIMAGING  SYSTEMS 

Passive  nonimaging  systems  detec  t  targets  based  on 
the  intensity  ol  the  termed  radiation  in  the  sensor 
spectral  hand,  or,  for  muhis|x*c  tral  sy  stems,  by  t  mu  pat- 
i  in  of  the  radiant  intensity  in  two  or  more  s|rec  uni 
l  ands.  I  best*  sensors  ate  usually  designed  fot  detec  timt 
of  hot  tat  gets  such  as  uitetah  engines  or  for  tenniual 
tatge  t  detection  and  uackiteg  at  shot!  ranges, 

Liixuatmv  |«*i(mm,uue  measures  lot  |iassivc*  itnag* 
ns  ate  based  otr  the  sy  stem  sensitiv  nv  qu  imai  ilv  detec  • 
tot  ies|Minse),  the  system  noise  c  hat  at  let  istic  s.  and  die 
ability  of  the  system  tn  tiller  out  hue  kgimitul  noise.  I  he 
measme  ol  system  held  |ieiloiui.iit<e  is  the  pioltabiliiy 
ol  tatget  detec  lion  ,o  a  hint  tion  o|  i.mge  at  a  sjxs  tiled 
f  lit.  I  ho  jHiloimamc  me.istuc , a  counts  lot  Ixitli  the 
mmdier  c>l  tmiett  detec  tiottsand  the  numliei  ol  times  a 
tumiatget  is  c  lassed  as  a  tatget. 

I  he  system  h  l/i  isa design  jMiantetei  Used  to  set  the 
dc  tec  lot  ilitesholdaiiil  islrasrcl  unexpec  tedclctet  tot  and 
liat  kgmtmd  n  >ise  statistic  s.  I  at  get  tlelec  tint*  piob.thih 
ilv  is.dtei  nsl  bv  the  threshold  setting;  tho-eiat  gels  with 
enelgv  levels  below  the  threshold  genet  idly  will  not  lx* 
detected.  Ktg.  Vt»  shows  pmliabdtlv  densities  lot  tile 
noise  and  the  signal  and  also  indicates  the  legion  in 
wide  h  signal  and  noise  iiineiits  civet  lap.  As  the  thresh 
old  isiaisc  d.  mm  col  the  noise  tails  below  the  threshold 
ami  will  not  lie  detec  teal,  whu  h  tednees  tin*  piohahitily 
ot  lalse. iluna.  Kite  pm  col  this  techie  cal  l.ilw-alaim  tatr 
is  that  some  ol  the  lower  target  signals  will  also  fall 
below  the  thttshold;  this  n  duces  the  prolrahility  ol 
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Figure  5*4.  Crew  Served  Weapon  Sighl  Performance  Nomogram  (Ref.  I) 
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Retlo  of  Number  of  Cycles  Resolved  Rcross  the  Terget 
to  the  Johnson  Criterion  n^/n,  dimensionless 

Figure  5-5.  Probability  v*  Resolution  Requirement  (Ref.  2) 
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t|t*| M'titlv  mi  Imtli  pnlvt  wiilili  .nnl  in.isiiitiiui  niiKft 
I.IIIK«-.  I  .Miit  i  iltiti  Umi  |iitili.ilntiiv  iv  (Itit  iiniiit-il  limn 
I  Ilf  (it'.lk  I.IIK'*  vl.KII.ll  Hi  llltv  lltlivt'  i  Mil  fill  l.llili  'l.liv 
mi*  llir  vwit  in  tint  vluiltl  in  itiitiit-  i lit-  t  Hi  vvili  ,i!mi 
Htllltf  llir  l.il.K'l  tltlrt  In  ill  pluktli.  ■  llv  wilt'll  lilt'  I.iik«I 
ti  iiii  n  iv  v.r.ik  m  M-\t  it-lv  .ilit  iin.iml 

Km  .in  it iivt- m Mrnt  ilu- mi K*  t  Mill. ti I- iiiiikIiiuw  will 
tlmintiiir  tin  vjhihI.hiiv  ikImiiimI  tin  ii-tnitt  vikii.iI. 
vvlinli  Ir.uh  in  tlillt-it-iii  iltit-titmi  pitilMliililUv  Im 
l.llKt'tv  nl  till frlrlll  Mlll.it  f  t  lt.ll.lt  tfllvlit  v.  KlK  >8 
vluiwv  ilu- iltiti  umi  |ii«i(i>*li*lit  v  t  in  vt- vim  .u  uvt-fiitiKV 
tlt-iti  iinii  .mil  lit  ii-iMthnt'  vvMt-iiiv  willt  vju-t  ul.n  m  wi  ll 
H-Mthul  t.iiK'  tv.  .nitl  Kik  VO  vIidwv  ilu  tlt  it  i  iimii  Jiitib- 
.lUtln v  Im  iltrM-  Mvit-niv.iK.inivl  imiKlt  i.MKt-iv.  Hnlli  m-iv 
til  t  umi  .iwiiitti-  .t  KIK  nl  10  *  KiK-  i-'O  vlunw  tlt-iti  • 
umi  |iitili»ilii)it\  w  Wit  .iv  .i  Inittiimiiil  K.l  H  Im  mkm.i1 
tlt-iti  iimii  in  whin-  iiiiim-  tiviiiK  in.nt  luil  lilit-iuiK  nl  tin 

Ht)ltll  MKII.ll. 


5-9 


PrsfesbiMty  «f  Artec  t  ton  Pg, 


Current  I,  fl 

Rcpiimal  with  |H'i  mission  of  RCA  Cut|>m.uinn.  New  Ploti¬ 
nus  Division,  l  .ant  asm.  PA  1 7C»0 l-A I  10, 1'SA. 

Figure  5-6.  Probability  of  Detection  Pj, 
Probability  of  False  Alarm  Pin,  and  Cur¬ 
rent  Threshold  /,  (Ref.  3) 


10  I Of  SNfty, 

Figure  5-8.  Probabilities  of  Detection  for 
Active  Systems  With  a  Specular  or  Well- 
Resolved  Rough  Target  (Ref.  I) 
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e-obabtnv/  of  Detection  Pd,  d<«orr3tanl«*s  -•  Probabl 1 Ity  of  Detection  Pd,  dimensionless 


[ure  5-7.  Probability  of  Detection  vs  rms 
,'oltage  SNR  (Ref.  4) 


Figure  5-?.  Probabilities  of  l>etectton  for 
Active  Systems  With  Rough  Targets  (Ref. 

•I) 


Probability  of  Detection  dimensionless 
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Current  SNR  Is/In  ,  dimensionless 

tf'  pnuittl  with  |tet  mission  ol  RCA  (niimi.imm.  NYw  1'nnliitis  Dimmit.  t  .nit  asin .  |*A  1 “tttM •  :l I  HI.  tsA, 


Figure  5-10.  Probability  of  Detection  vs  Signal-to-Noixe  Ratio 
as  a  Function  of  False  Alarm  Rate  (Ref.  3) 


Ainu  ss  stent  t  alt  illations  will  lx-  illinuatctl  lot  .» 
Inset  tatige  I i mlrt  l  it.-  I, im  i  range  limit  t  is  used  to 
tlt-lei  iiiillf  ihr  range  to a  target  that  has  Item  tleiri irtl  In 
.nt  imaging sysintt  (ese.tlas  sight.  I'  system, oi  iheim.it 
onagri)  Hit'  taigrt  is  «lltimm.ii«'tl  In  tin  l.isrt  soittir. 
ami  tlir  energy  I  riles nil  by  tltr  target  into  lit.-  laser 
nt  rivet  is  sines  It'll.  rite  range  ft  to  tlir  latgri  is  drier  ■ 
tititu-rl  l>\  lliriiitiritttrrv.il  f  Irrtssren  t*'r  laser  |>ulsr.tml 
the  mi  tit  it  signal: 

l  =  s  (5-ti) 

Is  Ill'll- 

«  =  s|xrtl  ol  light,  kin  s. 

Rattgr  limlrts  ma\  use  pulsed  la-a-ts  or  toniiiUHttis 
sense  {(AV>  l.isrt  s  I'tilsesl  I.ivt  si  struts  uv  ilttrshoUl 


ilriritois  with  maithed  lihning  ol  tlir  iii|riu  signal. 
C AV  lasri  range  limlrts  use  helciodyne  detrition.  Both 
tijK's of  s> s<riits  nv  s|N'itral  filters  iiirliniinair  rtirigs 
that  is  not  at  the  lavt  wavelength 

lilt-  geninel'i  lot  tlir  pnlst-d  l.isrt  range  hmlei  is 
slims  n  in  Ktg.  ,'t- 1 1 .  I  hr  l.isrt  |>ulsr  |ito|Mgatrs  iltiotiglt 
the  atmosphere  to  tltr  target,  is  st-fln  tetl  In  the  target, 
.tilt!  |>ro|Mgates  liat  k  to  the  !.im-i  range  limln  (l.RK)  to 
Ire  rlrlrt  nil  In  the  I  Rf  m  riser . 

K.tpiaitntrs  in  this  |>arngt,i|>lt  are  tlrsr'o|x-sl  lot  a 
ptilsrd  I  RK  is' i th  man  hrsl  hher  dr  union.  smh  as  the 
NihVACi  l.RK  t  intently  innl  in  Anns  ssstrnis.  lire 
etpialinn  inr  the  meivrtl  signal  power  /\  at  the  l.RK 
rleu-i  tor  is 

p.  =  |/vr,H7‘(Mi 

l  .5ipr«  os<»l  7'( X ) M '/--!»  (ir#f**)|.\v  (5-7) 
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Figure  5-11.  Laser  Range  Finder  Geometry 


where 

Pi  =  peak  transmitter  |x*wer,  \V 
T,  =  transmitter 'optics  transmittance,  dimension¬ 
less 

M  —  target -to- beam  ratio,  dimensionless 
p,  =  target  reflet  tam  e,  dimensionless 
0  =  angle  I  tel  ween  target  and  lieam,  deg 
7\  —  receiver  opt  its  transmittaiue,  dimension¬ 
less 

A,  —  receivei  elleetive  a|M'tture  atea,  km'. 

Brackets  are  included  in  Eq.  5-7  to  separate  out  the 
terms  for  transmitter  power,  propagation  of  the  laser 
radiation  to  thetarget.  diffuse  reflection  of  the  laser  radia¬ 
tion  ay  the  target,  propagation  from  the  target  to  the 
receiver,  and  interception  of  the  reflected  signal  at  the 
laser  receiver.  I  he  factor  1/  is  the  ratio  of  the  target  area 
to  the  utca  illuminated  by  the  laser  and  accounts  for 
underfilling  the  target  at  short  ranges  and  overlilling  the 
target  at  long  ranges. 

M  =  .1,  (rrW*6:)  .dimensionless  (5-8) 

whn  <• 

6  '  hull-angle  lusc-t  beam  tliwt  gene  e.  imud 
.!■  ~  turgi .  .urn,  in 

\l  must  lx- espial  loot  less  than  1.0. 

Mu-  I.RK  signal  to  noise  i.uio  SNR  is 

I* 

SXfi  = - : —  .  dimensionless  (5-9) 

st.r 

whetr 

Xt.P  -  el-  its  tot  noise  ecpmulcut  pown.  W. 

Ktp.  5-7  and  5-9  ill  innate  thr  T{K)'  dejtrndcner  ol 
SNR.  ITir  Hint  til  the  aimosphrrr  on  pulse  dries  non 
probability  is  mote  complex.  The  single  pulse  ptobu- 
bility  <4  detest  ion  Pj  lot  the  l.RK  is  determined  by  the 
SNR  and  the  FAR  spc«  ilitation  lot  the  system  FAR  is 
spes  died  bases)  on  detes  tot  on-time  I*  whn  h  in  tout  is 
dnetmincsl  by  the  maximum  design  range  lot  the  l.RK 


,j  =  _2K"L_(S  (5-10) 

c 

where 

Rni  —  maximum  design  tange.  km. 

FAR  is  talc  ulated  hum  the  |xr  pulse  false  alarm  rate 
F.  IRp  and  the  detector  on-time 

FAK  =  (5-11) 

tj 

Kig.  5-10  shows  detection  pioliitbility  vs  S\R  as  a 
loin  lion  id  the  ptotlut  t  ol  pulse  width  rand  FAR.  Km 
example,  lot  an  I.RKwitltu  lasts  pulse  width  rul  10  \ 
ami  a  FAR  sjxs  ilit  ation  ol  0.01  jhx  pulse  met  a  design 
rangt  R„ t d  la  km,  theptohabilii'  ol  detection /*ut  an  lie 
detetmined.  Snhstiuitiou  in  I  t),  ’•-to  gives 

,„  =  1XJL  =  io  *  s. 

SX  10’ 

With  tins  value  ol  tj  suhsOtuiimi  in  Kaj.  a- 11  giu  s 

FAR  -  (0.01)  (10  V  loV* 

ami 

tF  IK  -  (10  *)(10;)  -10*. 

Krom  Ktg.  5-1(1.  il  tFAR  ~  10  *,  then  an  YYMtd  5\telds 
a  thus  lion  pioh.iluiits  Pjnl  0  50. 

5-3  EO  ANT#  MILLIMETER  WAVE 
SYSTEM  DEFEAT  MECHANISMS 

Atmospltmi  ohsc  uiauisaud  iMtllelteld-unltu  edmii- 
laii.inautsclegtatleautliuav  ilelr.it  f '  ).tttdotutts  ssstem 
I  iei  lot  matte  e.  Ilte  setisoi  dele  at  meshantsttts  iutlu.lt 
loss  id  ttatismutaiue.  th.uige  in  tom  last,  the  uiiiodm 
lion  id  lalse  tat  gets,  t  hutigc  lit  amhieot  dhiuiitiatnm. 
ami  tutbulc  t't e-imluctsl  svstem  |tc-ifotti;„.*n  degt.itLt 
tioil.  Hots  these  t  ile- 1\ degrade  ot  ch'leal  sensor  jictfoi 
mame  *s th<  topic  id  tins iMtugiapIt.  I*ai.5-.5.lict»ntatns 
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defeat  mechanism  tables.  «]ii i< k  summary  guides  that 
indicate  whether  a  par t i<  ular obse  main  may  have  a 
negligible,  minor,  or  potentially  major  effect  on  the 
perlormanee  of  a  given  sensor  (  lass. 

5-3. 1  LOSS  OF  TRANSMITTANCE 

I  healtentiiation  of  passive  target  radiation  or  target 
contrast  by  the  atmosphere  reduces  the  apparent  target 
signature  and  results  in  lower  spatial  resolution  for 
passive  imaging  systems  and  lower  detection  probabil¬ 
ity  for  passive  imaging  and  nonimaging  systems.  For 
activ  e  systems  signal-to-noise  ratio  and  deter  lion  prob¬ 
ability  are  reduced.  Also  for  these  systems  the  effect  of 
obscurants  is  more  severe  because  the  illuminator  radia¬ 
tion  must  traverse  the  path  to  the  target,  be  reflected 
Irom  the  target,  and  again  be  attenuated  by  (In  inter vett¬ 
ing  atmosphere. 

5-3.2  CHANCE  IN  CONTRAST 

Atmospheric  constituents  may  change  the  apparent 
coniiast  of  a  target  in  three  ways  in  addition  to  causing 
transmittance  losses.  Ambient  light  may  he  scattered 
into  the  sensor  field  of  view  (FOX'),  illuminator  energy 
may  Ire  Ikic kst alteted  into  the  sensor  FOX’,  and  the 
actual  tatget  signature  may  he  changed. 

Scattering  ol  ambient  illumination  into  the  sensen 
.dic  e  is  pi  unat  ily  visible  and  neat  1R  systems,  i.e those 
p  stems  that  ate  sensitive  to  light  level.  Multijde  sc  aim¬ 
ing  ol  tatget  radiation  into  the  sensot  FOX'  In  dense 
obsc  mains  mav  also  teducc  the  lesohiliou  ol  visible, 
neat  IK.  and  ihvimal  settsots. 

Scanning  ol  active  tlhimin.itoi  eitngv  causes  two 
pioblc  uis  Fnetgy  lui  kst, Mined  into  the  leieivei  m- 
» teases  die  ap|taieiit  ambient  noise  level  at  the  illimti- 
n. iim  wavelength  and  mav  me  tease  the  t.ll(  < >i .  lot 
i.inge  Imdets.  i  aitsc-  false  i.iugc  leadings.  II  the  illume 
nalot  eitetgv  is  lot  w.ml-sc .Mined  Hilo  tile  leieivei  FOX' 
l>\  multiple  m  alii  i  mg  I  tom  a  dense  ohs.  mam.  die  inti- 
poi.ll  pulse  vsldlll  \S  til  U  sllelt  lies).  Dlls  pulse  slt.lJM' 
debit maiioit  mav  i.mse  an  I.KF  laigei  i.inge  leitiiu  to 
lx' lc|et  led  ot  mav  destiov  the -  pulse  coding  on  a  clesig- 
nalot  signal,  vslmh  mimes  die  jmitMliihiv  ol  missile 
loc  l  oo  oi  causes  a  missile  u.ii  king  it  the'  designatoi 
signal  lo  Imak  lot  k 

I  In'  Ml  gel  signal  me  mav  lie  i  hanged  bv  a  <  h.rnge  m 
eimiinl  enetgs.  vslmh  alb-in  passive  din  in. d  sv  stems. 
cH  bv  a  c  b.inge  in  taiget  tel  In  lance  c  haMc  intslic  s. 
vs lm  Il  alley  Is  hglll-b  vel  ile|M'lldem  svslnns  and  at  live 
ss stems.  Ram.  snow,  anil  wet  logs  <  bang,  i.ugei  signa- 
imes  in  all  s|tnttal  kinds.  In  the  thermal  kind  die 
c doling  washes  mu  dtfletmces  in  taiget  and  track 
gtnntid  signatnies  and  nuns  the  scene  a  generally  lea- 
Ititrlrss  gtas  Actively  heated  eleuwuts.  such  as  tank 
Heads  ami  the  engine  on  an  even  iscd  tank,  will  staml 
on i  Ireltei  m  this  one  lutteted  scene  Passive  visual  and 


near  IR  systems  have  poorer  resolution  when  the  light 
le  vel  is  reduced.  Surface  wetting  also  makes  the  target 
reflection  of  active  radiation  more  specular  (glinty). 
This  c  hanges  t lie-  spatial  distribution  ol  the  return  sig¬ 
nal  and  causes  a  wide  range  in  taiget  reflectance  signals, 
some  of  which  may  saturate  a  laser  receiver  although 
others  are  low  enough  to  remain  undetected 

5-3.3  FALSE  TARGETS 

Obscurants  may  appear  as  false  targets  to  imaging 
and  nonimaging  passive  sensors,  and  to  active  systems, 
or  they  may  increase  the  level  of  clutter  (target-like 
objects),  which  makes  target  discrimination  a  more  dif¬ 
ficult  and  time-consuming  prexess.  Hot  sjxits  in  exo¬ 
thermic  smokes,  high  explosive  (HK)  munition  fire¬ 
balls.  mu//le  flash,  and  burning  vegetation  or  vehicles 
will  appear  as  |xitcmial  targets  to  thermal  systems, 
whereas  very  hot  sjxrts  may  saturate  the  sensor.  The 
radiance  assex  iated  with  these  phenomena  will  degiade 
or  defeat  visual  and  near  IR  imagers  through  c  hitter 
intrcxluc  lion  and  sensor  saturation.  Bright  liglitsand  I" 
sensor  sat  mat  ion  (and  the  concurrent  given  flash)  at 
night  will  cause  the  human  crbservei  to  suffei  a  temjxr- 
rary  loss  ol  visual  niglu  adaptation. 

Backscatteting  of  active  system  radiation  front  a 
dense  olrsc  main  may  cause  a  false  tatget  detection  or  a 
lalsc  tatige  reading. 

5-3.4  CHANGE  IN  AMBIENT 
ILLUMINATION 

Manual  aimnsphct  it  phe  nome  na— <  hinds,  the  phase 
ol  the  inonii.  pu  t  ipitaiiou.  the  time  n|  dav .  and  tune  of 
vt.it— all  alien  the  aiubtetii  illumination  ami  thus 
change  die  jx-tlotmaiue  (sji.itt.il  tesohtlinu)  available 
hum  light-level  ilrpnidnn  visual  ami  I'  sv  stems, 
Kcdut  tic  ms  in  vilai  insolation  duet***  b«td»mev.  shun- 
et  dav\.  til  lovvri  sun  angle,  trtlocc  the  passive  thetmal 
stguatmes  of  unexm  tsvd  velm  It  s 

5-3.5  TLRBI  LENCE 

Atmo-jihmt  mtbuleme  alfetts  system  jx'tlotmantr 
bemuse  local  Hue  Inal' nns  m  atmospher  te  temperature 
cause  changes  in  the  miles  of  trlt.Mlion  ol  the  air. 
Jrm|Kiauur«-llrt  is  ate  strongest  at  visible  and  thetmal 
wavelengths,  taxahml  h-modm  line  matrons  alien 
mtnw  tacli.it ion  rutbuk-mr  effects  ate  tm»st  srsrtr  at 
v  isibie  wavelengths  ami  ate  most  jhoooiiik  nl  lor  ac  trsr 
sv stems  because  thi  s  tlegradc  ojitti  ai  wave  hunt  tjita) 
its.  wbu  h  causes  brain  spteatl.  Ix-ambteakujr.ands.iu 
till.uton  iiiiih  (k|KUibnt  sjutral  m  trust  tv  Urn  matrons) 
in  the  transmitted  and  mrrsed  tlhimiiutcx  rungs 
t  mtiti  lent  r- mil  tit  ed  Itratu  steering  causes  lx-, tin  ten- 
t tend  wamlet  and  a  loss  ol  tattgr  ait  mat  \  and  nack 
amttaev.  Fih  imaging  systems,  turbulence  may  cause 


5-13 


DOD-HDBK-178(ER) 


some  loss  of  resolution  01  blurring;  this  effect  can  fx' 
viewed  as  an  atmospheric  MTF  degradation. 

5-3.6  POLARIZATION 

Scattering  of  radiation  by  dense  media  results  in 
|M>lat  i /at  ion  changes.  For  randomly  |xi!aii/td  radia¬ 
tion.  sue  It  as  reflee  led  ambient  radiation,  these  <  lianges 
are  not  imjxnlant.  However,  for  |x>lari/ed  active 
sources.  sue  b  as  some  laser  and  mmw  sy  stems.  |x>luti/u- 
lion  effects  may  lx-  used  as  a  target  disc  riminant.  Fot 
these  sensors an  atmospheric  -induced  c  hange  in  (xilari- 
/ation  characteristic's  ol  the  illuminatoi  radiation  can 
reduce  S \K,  increase  the  F.iR.  and  thus  tecluce  tange 
|xi  loi  malice  ot  l.uget  delec  lion  pinliahilitv. 

5-3.7  DEFEAT  MEC  HANISM  TABLES 

Ibis  |Kitagi.iph  contains  a  iabul.it  pteseniation  ol 
the  |x>tenlial  elicits  ol  natutal  obscutants  and  IkiiiL  - 
lield-incluied  coniaminanis  on  sensoi  |x ilotinaiiie. 

I  lte elit  e  is aic  suinm.u  i/cd  t  isu.dlv  tit  Fig  Y  12.  I  allies 
.*»•(>  thiough  a- 10  show  the  settsot  clele.il  itiec  li.uustii 
assex  iatecl  w  uh  eat  h  ohsc  iitant  lot  a  |iaiiic  iil.u  sensoi 
c  l.is%  |  he  tallies  indicate  the  oiigin  and  |xitc  nti.d  sett  a  - 
its  ol  each  defeat  mechanism  lot  acute  and  (xi'sice 
visual,  neat  IK  and  thctmal  st stems,  and  acme  mmw 
s\ stems. 


I  he  sample  piohlenis  m  this  |tui.tgiaph  tllustiate  the 
Use  ol  the  stsCctii  |Milnim.ttlti  ilteaxtltfs  eli  te  tilled  in 
this  chaplet  to  calculate  oltscm.nu  diet  is  on  sssiem 
|ieilotm.mte  Iheihm.iin  data  flout  (Jiapift  t  ami 
iMIth  lie  Id  usage  examples  liout  (  Jtaplei  I  ate  used  lo 
del  me  cm  ootmtcttt.d  conditions,  tin  cpcamuailti  data 
.mil  ei|tiattitus  hotel  these  c  Itapteis  a,  a  seal  locale  iilatc 
the  elln  is  of  tlmsc  ettt  oottuifut.il  c  omit  lions  on  miium 

I  N't  lot  inane  e. 

Itle  s|  xa  tile  at  ion  of  a  sensoi  |n  i  lot  mane  c  pioliliiu 
•in  Icicles  c  1 1  st  stem,  t'.'i  wealhei  eonduionsot  otise  meal 
atitiosphct  le  e  undo  unis.  i.1?  cat  gel  ami  Imi  kgtinmcl.aiid 
i  l>  task  lo  lie  |H~tfoinnal.  I  he  inliMniaintii  icapuml  io 
solve  chi'  piolllem  me  hides 

1  St  stein: 

a  Viisch  and  s|nalial  liatlel 

It  PetliMHMitii  iiMasiiii  isiih|isitti  pel  lot  matte  e 
mite-  lot  imaging  st  stems  ot  X.Y/e*  Im  nntinitaging 
st  stems  i 

2  Aimositliete 

a.  N.ittiial  a  I  mi  *s|  *ln  in  lomlnieais 

!•  Hat  t  H  irld- indue  til  citm.imoiaiil.  it(«eand(  /. 

1  l.ugei  ami  Huikgtoimd 

a  I  aigci  dimensions 

h  I  aige  i  io  lui  kgionml  siguautu  ilatgei  dm 
mal  si^iialme  St  lot  lhe-llU.ll  llliageis.  lalgel  loeitlasl 
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signature  fot  day  sights  and  I"  systems,  m  target 
teflec  tame  p(  lot  laser  systems) 

I.  Task: 

a.  Ty|x-  ol  task.  i.e..  detec  lion  oi  identification 
I).  Range  ol  probability  lecpiiteinent. 

Su  ps  in  the  solution  are 

1.  IVteimiiie  atmosphri ic  tiansmittauce. 

2.  Ih tei mine  target  signal  at  the  sensoi. 

3.  IVteimine  sensoi  |x-iloimance  lecpiiiemcnt- 
i.e..  S\H  ot  tesoltition. 

1.  Oetei mine  sensoi  |x-t loi mane e  iiom  sensoi  |x-t- 
loi mam  e  in|iiiiemcni  and  appateut  l.uget  signal. 

I  be  It'*  samples  in  this  |iaiagtaph  ilhistiate  the  use 
ol  mateti.d  in  this  handlxmk  toialciilate  the  el  lex  t  ol 
ohsc  in. mis  oil  sensot  | m  i  Ini  matte  e.  File  litst  thief  ptoh- 
leius  aie  cah  illations  >1  sensoi  |h  ilium. me  e  lot  a  lint 
sight*  |  mi  Y  i.  I ).  ihcim.d  sensoi  tpai.  'i- 1.2*.  anil  lasei 
tange  Iniclei  i  |mi  V  l.  ii  in  the  naluial  atmopshete  and 
m  the  naluial  .umospheie  with  smoke  added.  1  liese 
ploblc  in.aie  volt ed  in  detail  to  llhlsltaiei omplele  st  s 
tenis  i  ah  illations.  In  the  louith  example  1 1 wit .  ‘>11  >. 
tile  filet  l  \ol  lui  III  lie  I  n  i  on  a  la  set  st  stem  ale  c  alt  it  la  it  el. 
I  he  iftit.tmdfi  ot  die  example  s  ilhisiiate  how  lodetei 
mule  uinioNplifi  Ic  u.uisiuilt.ini  e  uiolise  mauls  lit  using 
the  i  oinli.il  examples  m  |kii  1-7.  In  these  c  sample  pi  oh 
If  it  is  1 1 1.11s  'i  I  'i  lo  i  I  I  tit.  die  t  ah  lll.it  I*  ills  an  himteel 
to  die  etcicimni.it  ton  >il  aimusphei u  n.iiismiu.uiii 
diioiigh  die'  ohsc  cu.cm  in  die  st  sit'tci  sj mi  tial  kindest 

5-4.1  t>AV  SK.I1T  IN  CLEAR  ATMOSPHERE 
AM)  SMOKE  (Cl. -I I 

PKORI  F  M  (ale  ul.ciiono)  the  pel  loi  mane  eol  .ul.et 
sight  m  .hi  .umospheie'  in  wlm  h  smoke  ha»  Imiii  added 

Hits  ptiibh  iu  ilhisitalc  s  die  setett  deapadatinii  of  ek»t 
sights  lit  llltellliHt  slue  ikes 

5-4. 1.t  (jMtdttiom 

1  Set  sic  III 

a  ll.it  sight.  l>  I  ll  7  gin.  mult  iciaguihe  ation 
I*  Mitt  i  mti  loi  •  te  i Fig  *  1.e 

2  VllltOX|||tltl 

.1  (.leal  tscnle  e  .dill nonu.  sisilillnt  f  l‘>  kill 
h  \ihfiil  log '»il  eFO>  smoke  .<  /  Ig  ill 
i  .hfeh  el  ts  lute  Jille  is|ili' si  els  i  FVPl  smoke .  (  /  :  I 

g  Ml 

.1  l.llgei 

a.  lank,  hi'igln  It  2  I  m 
h.  l.llgei  eouttasl  slgll.ittlli  t  ,  0  t»l 

I.  task 

a  l  aigei  umgiuneui  at  tange  M  0.«  km  in 
naluial  .iiii»i>*|iIm n 

h  lalgel  us ••guiiion  at  tange  /«  -  0  »  km  in 
.time  tt|il  leaf  tsilli  FO  smoke 

e.  l.uget  lisoglUIMHI  at  laHgc  H  O  t  km  III 
atiims|(ltiii  wuh  U  P  smoke 
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(A)  Eye,  Day  Sights,  and  Image  Intensifiers 


(K)  Thetmal  Itnagm 


Target  Reflectance 


lumiM  <*t  i M'\ i  |Mgn 
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(E)  Command  Line  of  Sight  Guidance 


Multiple  Scattering 


Target  Reflectance 


6 


(F)  Semi-Active  Laser  Guidance 
Figure  5-12.  (cont’d) 


tcont'd  on  next  page) 
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(G)  Beam  Rider 
Figure  542.  (cont'd) 


54.1.2  Determine  Probability  of  Target 

Recognition  in  Natural  Atmosphere 

1.  Determine  atmospheric  transmittancc: 
Atmospheric  transmittance  using  Eq.  .VI  is 

T(K)  =  T„(k)Ta(k)T:i(k)Tj(k),  dimensionless 

where,  in  the  a  lisente  of  smoke  and  dust,  the  smoke 
transmittance  term  T,( A)  and  the  dust  transmittance 
term  Tj(K)  are  equi.1  to  i,0. 

I  he  moi.vulnr  transmittance  term,  from  Eq.  VS.  is 

Tm(K)  —  e7*"<A)W  .dimensionless. 

The  aeros  f  transmittance  term,  from  Eq.  V4.  is 

Ta(k)  =  t,Va(AlW  ,  dimensionless. 

From  |ku.  V2.I.I.  >«(0. 1-0.7)  =  0.02.  and  from  par. 

S  2.2.1.  >40.1-0.7)  =  S.9I2  l\  I  Nit*-,  f  =  If,  km  and 
H  -  0.5  km.  as  defined  in  the  problem  statement. 

T(0.W».m)  =  V”"3 

=  0.87. 

2.  Determine  ap(iarent  target  signature  at  sensor. 
The  apparent  t  outlast  is  given  by  F.q.  2-11  as 

(l  -  71(A)  *)  1  . dimensionless. 

U  J 

flu*  inherent  contrast  is  0.61.  Irom  the  statement  of 
the  problem,  and  tire  sky-to-ground  ratio.  /.*  /.*  is  rakerr 
to  lie  l.l  if  the  guidance  in  fable  2-1  tor  cleat  (desett) 
conditions  is  used.  ITrerefore 

C  =  0.fil|l  -  1.4(1  ~  <1.0  0.87)11' 

“  0.50. 


3.  De  termine  sensor  resolution  requirement: 

From  Table  5-5,  the  reeju  <<  tent  for  recognition  is 
that  a  day  sight  resolve  »i  =  3  cycles  across  the  target. 
The  number  of  cycles  it,  the  system  can  resolve  across  the 
target  is,  from  Eq.  5-5, 

rtr  =  v/v,  ,  dimensionless 

where  the  system  resolution  v  at  the  target  apparent 
temperature  is  determined  from  the  system  MRC  curve, 
and  the  target  spatial  frequency  v,  is  found  front  the 
target  height  li  and  range  ft  using  Eq,  5-2: 

u,  —  lilt  ,  cycles/mrad. 

In  this  case,  lot  a  2.1-m  target  at  0.5  km, 

v,  =  =  0  21  cydes/inrad. 

2.4 

Thus  Irom  Kq.  5-5.  the  clay  sight  must  resolve  a  sjia- 
tial  frequent  y  toil  at  least  (0.21  X  3)  or  0.63  e  ye  lev  mtatl 
to  tecognue  the  tat  get  (at  the  50%  ptohability  level)  at 
li.fi  km. 

I.  Dei-'  mine  setts*),  performance: 

Seusni  u-solution  is  detet mined  (tom  the  ap|iarent 
t outlast  M calculated  itt  Step  2  using  the  sensor  MRC 
i  ut  ve  in  hg.  5-.1.  For  a  t  onttasi  of  0.50,  the  system  c  an 
resolve  a  Mkitial  Itequenc  v  e  ol  alioui  I  H  cyt  It  s  mtatl. 

Tin*  mmtltet  ul  cycles  resolved  attoss  the  target  is. 
from  Eq.  5-5. 

n«  -  —  =  8.G  c  ycles. 

0.21 

lire  ptohahiliiy  ol  accomplishing  the  task  is  deter- 
mined  (tom  the  target  transfer  probability  curse  in  Fig. 
5-5.  in  this  case 


TABLE  5-*.  SENSOR  DEFEAT  MECHANISMS  FOR  PASSIVE  VISIBLE  AND  NEAR  IR  SYSTEMS 
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AC  TIVE  THERMAL  SYSTEMS 
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TABLE  .VIO.  SENSOR  l>EFEAT  MECHANISMS  FOR  AC  TIVE  MILLIMETER  WAVE  SYSTEMS 
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nt  _  8.6  _  g  g 
n  3 

which  yields  a  probability  of  about  98°o  of  recognising 
the  target. 


Therefore, 


7(0. 4-0. 7  Mm)=e(0-2)(0-5)e-(3'912;,5)(0-5) 
e*(3 92)( '  0)(  i  o) 

=  0.017. 


5-4. 1.3  Determine  Probability  of  Target 
Recognition  in  Atmosphere  With 
FO  Smoke 

1.  Determine  atmospheric  transmittance: 

From  Eq.  3-1. 

7(A)  =  7m(A)70(A)7s(A)7a(A)  .dimensionless 


2.  Determine  apparent  target  signature  at  the  sen¬ 
sor.  Apparent  contrast  (?„'  may  be  calculated  using  Eq. 
2-11.  However,  the  value  of  f ,0'  will  be  below  0.02,  which 
is  the  value  of  T(  A).  Tl1  >  the  apparent  target  contrast  is 
below  the  c  ontrast  threshold  of  the  eye,  as  indicated  in 
Fig.  5-3.  The  sensor  user  will  not  detect  (or  recognize) 
the  target  under  these  conditions. 


where  T*(A)  and  T«( A)  were  determined  in  par.  5-4. 1.2 
and  Tj(k)  =  1.0. 

The  smoke  transmittance  term  T,(A)  is  calculated 
using  Eq.  4-2. 

7, (A)  =  va,{K)(l  ,  dimensionless. 

In  this  example,  Cl.  ~  1  g  nt'.  From  Fable  1-2,  the 
smoke  mass  extinction  Mtclfit  ient  a,(A)  =  ti.85  m'  g  at 
visible  wavelengths  *'  tefotc, 


5*4. 1.5  Summary:  Smoke  Effects  on  Day  Sight 
Performance 

The  unity  magnification  day  sight  in  this  problem 
can  easily  resolve  the  tank  target;  the  probability  of 
recognizing  the  target  at  0.5  km  in  the  specified  natural 
atmosphere  is  98V  However,  moderate  levels  of  smokes 
have  a  severe  effec  t  on  day  sight  perfomumce.  It  \VP  ot 
Ft)  smoke  are  piesent  in  a  Cl.  ol  I  g  m\  the  day  sight 
user  <  annul  tltiec  t  (muc  h  less  recognize)  the'  tank  at  0.5 
km. 


7(0. 1-0.7  pm)  = 

^ (.tll.Hbill.5»  (3(112  fuitl’n 


f'"’8‘,M,’(I.O)  =  9.2  x  10  4. 


2.  Deteimiue  ap|Mtent  latget  sign.ttme  at  the  sen- 
sot .  Vppaicnt  c  onuast  (,„* may  again  lie  t  ale  dialed  using 
F.q.  2-11.  However  (2  is  less  than  9  X  It) 4  (the  value  erf 
the  atmospheric  transmittance  7|A)..mdfni  this t  ontiast 
value  the  eye  lev  dm  ton  • .  no  as  indicated  in  Ftg.  5-3. 
Iluielote.  the  ptobahtim  of  tecognizittg  tin  taiget 
tlitougli  the  smoke  is  zent. 


5*1.1. 1  Determine  Probability  of  t  arget 
Recognition  in  Atmosphere  With 
\VP  Smoke 


I.  Dun  mini  atniospln  iii  ii.oismui.inte  Anno 
spluiii  ii.msimii.mre  is  determined  as  m  pats.  5-FI..1 
exi  ept  that  the  value  id  the  smoke  ext  iih  tiotr  un-Hu  nut 
n.tAiisddii  irnl  lot  Whlun tl  t'lot  Ft).  Hecattv-  WP is 
livgtnsropu .  die  i,iiur  lot  ft.tAi  Jc|M'ttcls  on  lelattve 
liiiimiidv  From  Fable  1*3.  a.',0.4-0  ?jzmi  =  1.08  ,ii  50*.. 
HI  I  and  1. 7tiat  W»RII  in  l!  e  visible  %|irtit.i  baud.  Bv 
iniei|adatiiNt.  n.(0.  l-0.7|iuo  ~  1.92  at  ID*.  Rll.  m  .  die 
conditions  lot  this  poddem.  llien.  lot  a  C./.ol  I  g  mid 


WP. 

r.{  o.i*o.7m«») 


,■  ttaOIO.i|1n»>< 

1.192m  0| 

*  * 


I 

tliutcnsionlcss 


=  0.020. 


5-1.2  THERMAL  IMAGER  IN  CLEAR 

ATMOSPHERE  AND  SMOKE  (CL=1) 

PROBLEM:  tide  illation  ol  the  pctlurutame  ol  a  diet- 
in.il  imagei  in  an  atiiiosphere  to  which  a  smoke  has 
Iktii  added.  Ibis  piohlnn  illustiaies  die  negligible 
ellec  i  ol  FO  smoke  and  modeiateeHec  I  ol  WPsmokeon 
rliti iii.i I  sight  |miIoi malice,  Ihe  atittospluiu  conch- 
l ic ills  arid  i.ngel  list'd  in  litis  pnddeiu  an-  die  same  as 
lliov  used  in  } tat .  5-1.1.  Iiovvevei.  die  .uniospheiii 
iiaiisiiuti.mc c-  and  i.ngel  sigtiaiiiic  will  lie  clillc-ient 
lieiativ-nl  the  dllfeteril  s|«cll.ll  Ixttwls  ol  die  wtlsots, 

5*4.2. 1  (Umditionx 

1.  Nv stent 

a.  Fheimal  uuagei.  8-12  gut 

b.  MttT*  mve  in  Fig.  5*2 

2.  Atmospheie: 

a  CIrai  vvinier  .du-rnitoii.  I0*»RH.  |0’G.  visibil- 
its  F  -  15  km 

It  Added  log  nil  sttloke.  (.1.  ~  I  g  in' 

t .  Added  WP  smoke.  (  I  --  I  g  m‘ 

1.  target: 

a.  l  ank,  height  /»  2.1  nt 

h.  l  arger  liter  mal  signature  A 7"  1.8  K 

I.  Task: 

a.  l  arger  retognirion  ai  range  H  =  0.5  km  in 
aoumplictr 

b.  t  arget  trtognilinn  at  rangr  H  =  0.5  km  in 
aimosfdierr  with  FO  smoke 
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r.  Target  recognition  at  range  K  —  0.5  km  in 
atmosphere  with  VVP  smoke. 

5-4.2.2  Determine  Probability  of  Target 

Recognition  in  Natural  Atmosphere 

1.  Determine  atmospheric  transmittance: 

Again,  Eq.  3-1  is  used  to  calculate  transmittance: 

T(k)  =  T„{k)Ta(k)Ts(\)T j(k)  .dimensionless 

but  lor  this  example  the  transmittance  terms  must  be 
determined  for  the  8-12  pm  spectral  band. 

From  Table  3-2,  the  molecular  transmittance  term 
7'm(8-12pin)  =  0.92  at  1.0  km.  It  is  estimated  to  be  about 
0.96  at  0.5  km. 

The  aerosol  transmittance  is  given  by  Eq.  3-4, 

Ta(k)  —  eY*(X)W,  dimensionless 

where,  from  Table  3-4.  ?a(8-l2ptn)  is  0.02,  which  gives 

T«(8-12/um)  =  e'oo“'(0  5) 

=  0.99. 

Therefore,  in  the  absence  of  dust  or  smoke. 

T(8-12pm)  =  (°  2HW  I  0)(  5 .0) 

=  0.95. 

2.  Determine  apparent  target  signature  at  sensor 
horn  Eq.  5-3,  the  apparent  target  thermal  signature 
Arts 

AT*  *  T(A)AT.  K 

where  AT  is  given  as  1 .8  K.  and  T(X)  was  t  ah  ulatcd  to 
tie  0.95  in  Step  I.  llterrlnre. 


imager  can  resolve  a  spatial  frequency  v  of  about  4.3 
cycles  tnrad.  Therefore,  the  number  n,  of  cycles  resolved 
across  the  target  is 

n,  =  =  20  cycles. 

0.21 

The  probability  of  recognizing  the  target  is  found 
from  the  target  transfer  probability  curve  in  Fig.  5-5.  In 
this  case 


n  4 

Therefore,  from  Fig.  5-5,  the  target  recognition  proba¬ 
bility  at  0.5  km  is  100%. 

5-4.2.S  Determine  Probability  of  Target 

Recognition  in  Natural  Atmosphere 
With  FO  Smoke 

1.  Determine  atmospheric  transmit  tame.  From  Eq. 
3-1. 

T{k)  =  T^k)T^k)Ts(k)TJ,k)  .dimensionless 

where  T«|X)  and  Tj(K)  were  determined  in  pur.  5- 4.2.2, 
and  TjfX)  =  1 .0.  The  smoke  transmittance  term  T.( k )  is 
calculated  from  Eq.  4-2 

7 \(k)  =  V  °'{K)U'  ,  dimensionless 

where  Cl.  =  l  g  tn\  From  Table  4-2.  <MM  ~  0.02  for 
FO  in  the  H-I2pm  band.  T!  lore. 

7\(8-l2pm)  =  e(M02K,°'  =  0.98 


AT*  =  (0.95 )( 1.8)  =  1.7  K. 

3.  Determine  sensor  resolution  requirement.  Front 
Table  5*5,  the  Johnson  trttetton  «  is  4  cycles  resolved 
across  the  target  lot  tecognitictn  using  a  thermal 
imager .  The  number  of  c  yt  les  n,  the  sensor  t  an  resolve 
across  the  target  is  given  by  Eq.  5-5. 

Mi  *  r  ,  c  yc  les 

where  r.  Sot  the  tank  at  0.5  km  is  0.21  t  yt  les  mrad,  as 
dciertnitred  in  par.  5*4. 1.1. 

4.  Diet  mute  sensor  performance: 

Sensor  rescduticMt  is  detettnined  Iuku  tire  apparent 
thermal  signature  AT*  talculaied  in  Step  2  and  the 
MKT curse  in  Ftg.  5-2.  Ecu  a  AT* ol  1.7  K.  the  thermal 


and 

T(8*l2Mm)  =  (0.96)c'<0 02h0  ' e  <u ,Ki,(  1  M,{  1 .0) 

=  0.93. 

2.  Determine  apparent  target  sigttattite.  Front  Ecf. 
5-3,  the  apparent  target  signature  AT"  is 

Ar  =  T(A)AT  ,  K 
=  (0.93X1*8) 


3.  Deirtmitte  «'Hvh  rescduticMt  teqilitrmrUI.  lire 
Johttsott  itilrtiHt  »t  is  4  « stirs,  and  e,  is  0.21  rules 
mtacl.  as  disc  ussed  in  pat.  5-I.2.2. 

4.  Determine  sensor  |terlormatMe.  Fitmt  Fig  5-2. 
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the  sensor  resolution  v  for  an  apparent  target  signature 
AT' of  1.7  K  is  about  4.3  cycles  inrad.  Therefore, 

n,  =  — t'—  =  —  —  =  20  cycles. 

v,  0.21 

For  recognition  using  the  Johnson  criterion  n  =  4 
cycles: 


n  4 

Again,  from  Fig.  5-5,  the  probability  of  recognizing  the 
target  is  !00“o. 

5-4.2.4  Determine  Probability  of  Target 

Recognition  in  Natural  Atmosphere 
With  WP  SMOKE 

1.  Determine  atmospheric  transmittance.  Atmo¬ 
spheric  transmittance  is  determined  as  in  par.  ‘>-1.2.3. 
except  that  the  value  of  the  smoke  extint  t  ion  coefficient 
a, (A)  is  different  for  WP  than  it  is  for  FO,  Fable  1-3 
gives  «,(A)  =  (1.38  for  WP  in  the  8-12/im  band  at  .30% 
RH.  and  at,(A)  =  0.38  at  .30%  K1 !.  By  interpolation 
«y,(A)  =  0.38  at  10%  RH.  the  conditions  for  this  prob¬ 
lem.  Then,  lot  a  Cl.  of  I  g  m'  of  WP, 

7'*(8-12pni)  =  r"‘t8 7  dimensionless 

__  ^-tOAKtt l.0> 

=  0.74 


For  recognition 

JlL-  =  J9_  =  4.8. 
n  4 

Again,  from  Fig.  5-5,  the  probability  of  recognizing 
the  target  is  100%. 

5-4.2.5  Summary:  Smoke  Effects  on  Thermal 
Sight  Performance 

The  performance  of  the  thermal  sight  was  calc  ulated 
for  the  same  atmosphere  as  the  day  sight  in  par.  5-4.1. 
I'he  performance  of  the  thermal  sight  in  recognizing 
the  tank  target  at  0.5  km  in  the  clear  atmosphere  was 
equivalent  to  the  day  sight  performance.  However, 
neither  FO  smoke  or  WP  smoke  with  a  Cl.  of  1  g  m2 
affected  the  jh  i  formant  e  of  the  thermal  sight.  The  WP 
smoke  did,  however,  reduce  thermal  transmittance  by 
about  25%.  In  higher  c  one  ent rations  or  in  conditions  of 
marginal  clear  ait  thennal  sensor  performance,  the  WP 
smoke  will  degrade  thermal  sensor  performance. 

5-4.3  Nd:  VAG  LRF  IN  HAZY  ATMOSPHERE 
AND  WP  SMOKE  (CL= 1) 

PROBLEM:  Calculation  of  the  (Hiformatue  of  an 
l.KF  iti  an  atmosphere  to  which  a  smoke  has  been 
added,  i  bis  problem  illustrates  the  reduction  in  range 
|m  i  lot  mam  e  of  an  Nd.'YAO  LRF  by  WP  smoke. 

5-4.3. 1  Conditions 


and 

7'(8-12ptu)  =  1 .0) 

a  0.65. 

2.  Determine  ap|K«tent  tat  get  signature.  Ctitlei 
these  conditions. 

Xr  =  7'(8-12jiiii)A7‘.  climvmionlcss 

=  (065H1-8) 

=  1.2  K. 

3.  Deter  mint  sriisnt  tesoluttnn  tec jotientem .  I  he 
Johnson  u  net  tot*  tt  is  I  t  sties,  and  e,  is  0.21  tvdes 
nitad.  as  dis«  tissetl  m  pit  5- 4.2.2. 

1.  IVletmtm  settsew  prt  lot  mane  e.  Front  Fig.  5-2. 
tin-  sensor  trsolutiott  fur  an  ap(*atent  target  signature 
AT*  of  1 .2  K  is  alK.m  4.0 1  st  les  mratl  ITrerefote. 


1.  System: 

a.  N'd:  V  AC  LRF.  I  .(Mi  gm 

b.  System  specification 


'll  Pulse  width 

8  us 

(2)  Peak  itansmitiet  powet  /*, 

.3X10*  W 

(3)  Optics  ttansinittame  T.T, 

O.ti 

1 1)  Heteivei  diantetet 

0.07  m 

(3)  Ret  c  ivet  KOV 

0..3  mtatl 

Oil  nail-angle  lasri  lieam 
tltvetgence  A 

0.2.3  mratl 

i7t  Detec  tut  noise  et|utvalem 
|M»vvet  ,\77* 

l>.  3  X  10  *  VV 

t .  raise  alarm  rate  I.IH  equal  to  130  s  ' 

2.  Amtosphrte: 

a.  TO*#  RH.  IOC.  visiluhtv  I  ™  3  km 

b.  Vdtltxl  WP  smoke,  f.7.  “  I  g  in' 

3.  Target: 

a.  l  ank.  2.1  X  3.1  m 

b.  lank  target  teller  lattt  e  p,  -  0.3  at  I.Ort  rim 
I.  Task 


_  __e_  _  4,0 

0.21 

~  l‘J  cyclcv 


a.  LRF  tattgr  {M-rloniiam e  and  S,\7f  tit  ttaiutal 
atmosphere 

b.  I  KK  tattgr  ix-rlon  natter  ami  SXK  in  atmo¬ 
sphere  with  WP  smoke 
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5-4.3.2  Determine  SNR  and  90%  Detection  Range 
in  Natural  Atmosphere 

1.  Determine  atmospheric  transmittance: 

From  Eq.  3-1,  atmospheric  transmittance  T(k)  is 

T{ A)  =  Tm(\)Ta(\)Ts(K)Tj(k)  .dimensionless. 

From  par.  3-2. 1 .2,  molecular  absorption  is  negligible  at 
1.06  pm.  so  Tm(  1.06pm)  =  1.0.  The  aerosol  transitu*  - 
tame  term  T«(X),  from  Eq.  3-4,  is 

Ta{ A)  =  e’Y”(A)W  ,  dimensionless. 

From  Eq.  3-6, 

7^X)  =  l^,s6+,-l#l0«M,2n>.  km". 

For  visibility  I’ of  5  km, 

7b(1  06pm)  =  l()l'1)  ,*,'+  ,  5>| 

=  0.55  km" 

Thus  in  the  absent  e  of  dust  and  smoke,  7\(l.06)  —  1 
and  Tj(l.06)  =  1.  and  since  T4I.O6)  =  l.  transmit¬ 
tance  T(  1.06  pm)  from  the  LRF  to  the  target  is 


7(1.06  pm)  =  (l.0)e',or,MW(l.O)(1.0)  ~  e‘ 

2.  Determine  tatgti  signal  at  thcscnsoi. 
From  Eq.  5-7.  the  ret  ei veil  signal  powei  /*,  is 


_  -0  AW 


(/,rT()(T(A))(A/pKOse)(T(X))(7,*l,  ir«;)  .  W. 

The  let  etc  it  area  .4,.  talttdated  hum  the  reteivet 
optits  diameter  and  converted  horn  in'*  to  km'*  is 

A.  -  X  10 "  .  km* 

I 

-  .1.8  X  10  ’  krn\ 

Emm  Et|.  5-8.  the  coverage  (at  tot  Al  is 

M  =t  — .  dimensionless 
irK*d‘ 

where  the  tat  get  area  .1..  is  determined  hoot  tire  tatgrt 
dimensions: 

_  (2.1  H5.-I1  ...  11.6 


The  value  of  M  cannot  exceed  1.0  (i.e.,  the  target  cannot 
reflect  more  energy  than  is  incident  on  it).  Therefore,  M 
has  two  values  that  depend  on  range  to  the  target: 

(1)  R  equal  to  or  less  than  6.45  kin 
M  -  1 

(2)  R  greater  than  6.45  km 
.*41-6 


With  these  expressions,  the  target  signal  P,at  the  icceiver 
is 

P3  =  (5  X  106)(0.6)(e'OWW) 
(A/)(0.3)(1.0)(e  053W)(3.9  X  IO'Vt tR2)  ,  W 


_  1.1  A/e 


2(0..r»5)K 


X  10"  .  W. 


»rW'(0.23)'  R} 


( 1 )  For  R  equal  to  or  less  than  6.45  km,  M  =  I  and 

_  i.ixioV,m  14, 

M  S  , ’  _  »  V\  . 


(2)  For  R  greater  than  6.45  km,  A/  ~  41.6  R:  and 

_  1.65  X  10  VI  IW  w 

R* 

3,  Determine  vnsot  SNR  requirement.  Fig.  5-10 
gives  deux  lion  probability  Rj  vs  SNR  as  a  hint  lion  of 
the  prodmi  of  r  and  PA R,  For  tins  I.RF, 

tFAR  =  (8  X  10  *s)(150  s")  *  1.2  X  10  *. 

This  value  (alls  between  thectirveshw  rf.l/t  ~  10  ‘arid 
It)  \  Ftom  an  eyeball  estimate  ol  the  iitteisettion  «*l 
tlnse  itirsvs  with  the  *KT*  detec  tiun  piolxdiiluy  time, 
the  trquited  SNR  is  6.25. 

I.  Detetmiiie  sense  n  jretlotmance. 

Ftom  Ec|.  5*9.  the  l.RF  signal  *io*nnise  tat  10  \\R  is 

ft 

S NR  =  — 1 — .  dimcmiotilm. 

NEP 

Htctrliur.  substituting  In*  I*,  and  SPA*  gives 
(1)  F’ot  R  equal  u*  iw  less  ihatt  6.15  km 

SNR  =  11  X  1° 

6.5  X  10  7t‘ 


-  1.7  X  loV  ** 
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•*L 


(2).  For  R  greater  than  6.45  km 

SNR  = 

6.5  X  10  ‘V 

_  7.2  X  10VM* 

R4 

To  determine  the  90%  detection  range,  solve  this 
expression  tor  R  when  SNR  —  6.25.  The  solution 
requires  trial  iterations  o(  R,  but  it  yields  a  range 
R  —  6.0  km. 

5-4. 3.3  Determine  SNP  and  90%  Detection  Range 
in  Atmosphere  With  WP  Smoke 

I.  Determine  atmospheric  transmittance.  From  Fq. 
3-1,  transmittance  T(K)  is. 

T(A)  =  T«(A)T«(A)T,(A)7*a(A),dimensionless. 

In  the  absence  of  dust.  7j(A)  —  1.  From  par.  3-4. 3.2. 

Tm(\Mnm)  =  1.0 
T«(  1.06pm)  =  e'0" W 
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(2)  For  R  greater  than  6.45  km,  M  depends  on  range 

and 

P  =  1-68  X  10V  lfi  w 
*  R 4 

3.  Determine  sensor  SNR  requirement.  The  re¬ 
quired  SNR  is  6.25,  as  calculated  in  par.  5-4.4. 2. 

4.  Determine  sensor  performance.  From  Eq.  5-9, 

SNR  -  -  -  s— 

NEP 

It  is  evident  from  the  calculation  in  par.  5-4.S.2  that 
performance  range  in  this  atmosphere  will  be  less  than 
6.45  km.  Therefore,  only  the  expression  for  SNR  where 
R  is  less  than  6.45  km  is  required: 

snr  =  JJB  * 

6.5  X  10'*  R* 

_  6.20  X  loVU* 

R' 


Ettmt  Eq.  1-2. 

T.(  A)  =  dimensionless. 


From  Table  4-1.  the  v  alue  of  o.(A)  at  1.06  pm  for  WP  is 
1.66m’  gat  70%  RIL  Ilrrtrfotr,  lot  WP  smoke  with  a 
(it.  «*l  I  g  ,rr‘  of  WP, 


7\(  I  (Miprtt  i 


(  I  tibxl  Oi 
r'>«U 


SoIrsitonmK  m  Eq.  3-1.  the  tiaustnitiame  l»nuxn  the 
srnsot  ami  tire  mi  Ret  is 


Tl  I  0f»Min )  =  ( 1  0W°  V,,<e  1  1 .0) 

_  u  V*ff  I  «» 

-  r  e 


—  O.lUr 


«  v»« 


2.  IVtn  none  tar  Ret  MRual  at  the  sensor  l  ire  signal 
l\ at  the  sensor  is  the  vatnc  as « alt  ulatcd  it;  |mi  .»■  4.3.2, 
i'X«  e|M  the  valor  of  7‘(I06)  leas  i  hatiResI  brtause  t*l  the 
oiklttioo  •»!  WP  smoke.  Substituting  in  l.tj  5-7  Rtsrs 


To  tictrrinine  performance  range  lor  90%  detection 
probability,  set  SSR  ~  6.2r-  satl  solve,  by  iteration,  lor 
R.  litis  yields  a  90%  detrition  probability  at  range 
«  =  3.8  km. 

3*4.14  Summary:  Smoke  Effects  on  Ndi  YAO 
LRF  Performance 

Smokrs  signiliruntly  degraile  the  |trr(unnamr  nl 
treat  IR  kisrt  systems  s»»i  h  as  the  1.06j<m  NtlY.AL  I.RF 
in  ibrs  example,  lire  tnitoduttiott  nl  I  r  in’  *»l  WP 
sinttkr  mm  lire  .mints  ph  err  brtwnit  the  I.RF  and  the 
target -minted  I.RF  prtlnttnatHr  t.mge  ItiHtt  6.0  to  3.8 
km.  I'hr  elicit*  t*l  FOantl  1 IL  smokes  ate  more  srvm\ 
Im  ause  rite**  smokrs  ate  tnmh  bet  lei  atirmiaiois  o< 
voible  and  near  IR  lailratmn  than  WP  ts. 

5*4.4  LASER  OPER  ATION  IN  Tl  RBI  LENCE 
PROBLEM:  (alt oboe  tin  rllnt  id  itatmally  w«  til¬ 
ting  intb.deme  on  lasrl  Ssstrrn  operation.  tins  prnb- 
lent  ilhistratrs  iIh  ok  teasr  in  braittdtamcirt  ami  mint  • 
tint t  monaxts  inailtameasa  lasrt  beam  ispropagaird 
thtmtgh  a  ititbulrnl  airmisjrhrtr. 

5-4.4. 1  (.ondiliom 


1 1  r  Em  H  equal  torn  less  than  6. 1.*»  km.  .W  3  I  and 


4.03  X  10  V,  W 


I.  System: 

a.  Nil: VAC;  laser,  t.06jun 

b.  SpndHaimn; 

tl)  Beam disetgetHS  dilltat'mn  liuuird 

5-27 


DOD-HDBK-1 78(ER) 


(2)  AjxTturc  diameter  l)  0.07m 

(3)  Pulse  with  r  8  ns 

2.  Atmosphere: 

a.  Natural  atmosphere  specified  in  par.  5-4. 3. 1 

b.  Mild  turbulence:  index  of  refraction  strut  Hire 
constant  =  10  l4in  : ' 

3.  task.  I -a  ser  performance  in  turbulent  atmo¬ 
sphere. 

5-4.4.2  Calculate  On-Axis  Irradiance  and  Beam 
Size  at  Range  R  in  Turbulent  Atmosphere 

1.  Determine  atmospheric  ttanxmirtunie: 

Atmospheric  transmittance  is  not  affected  by  turbu¬ 
lent  e.  Front  jxu.  5- 1.3,2.  for  the  spct  ilietf  atmosphere, 

T(K)  =o'0,*w,  dimensionless. 

2.  Determine  signal  at  target: 

I  ht-  total  |>o\vet  at  lange  R  is  tint  hanged  h\  the 
turbulent  atmnspluic.  However,  the  \|Mtial  tlistttbu- 
lion  ol  the  encigy  is  t hanged.  In  lire  luibult  ttt  aitiiii- 
splicii  the  (teak  iuadiailte  on  the  t.ngct  is  tetlutetl  Its 
the  lit  . tut  spte.ul  In  addition,  beaut  w.uniet  anti  inlet; 
sttv  Out iuaiioils|st intillatioir)  will t  h.ingc  tile ni.ignt- 
tittle  ol  lire  iitadiaiMf  at  am  |roun  in  die  target  plane 
hour  pulse  to  puke. 

I  Ire  Stiehl  taiiti  is  die  latio  ol  he  asciagc  on-axis 
imidtaiitr  with  Otibuientc  to  asciagc  on-ax«s  mm- 
dt  ante  without  tuthiilemr.  For  single  jhiIw-s.  die  shmi- 
tcttn  Sttthl  ratios.  IS  used  <F«|  3-22  ol  3-23).  Iheihoite 
between  Ft |  3-22  and  Ftj  3  23  dejntuk  on  the  tatio  ol 
lire  diet  live  laser  a|nuuu  diameter*  I)  to  the  <  oheteiw  c 
length  r„  Front  Ftp  3-24. 


Substituting  lor  I)  r„  yields 

.Sjs  =  [1  +  (2.31  Ryy  -  I.18(2.S1K,;V  V 
=  (1  -r-  5 MR"  '  -  4.76  K)  1 

At  6  km,  S.2  —  0.055,  w  hich  corresponds  to  a  reduction 
in  average  (short-term).  t>n-axis  irradiance  to  5.5%  of  the 
original  value.  The  beam  radius  in  the  presence  of 
turbulence  is  increased  by  a  factor  of  S,j' "  over  the 
diffraction-limited  beam  radius  (see  par.  3-2.6).  At  6km 
Si*1  '  is  about  4.3  for  this  atmosphere,  so  the  beam 
diameter  increases  by  a  factor  of  4.3.  The  beam  area  at  6 
km  isabout  18  times  larger  in  the  turbulent  atmosphere 
than  it  is  in  the  diffraction-limited  beam  area. 

5-4. 4.3  Summary:  Effects  ol  Turbulence  on  LRF 

ruthulciH  edict  (st. m  limit  I.RF  |  tet  lot  mam  e  I  he 
tilts  ts  aie  mote  sevete  .it  I.Oti  jim  ib.in  they  .tie  at  I0.lt 
gm  het  attse  ol  the  dc|M'iidc in  e  ol  diet  ohcirnt  <  length  t.. 
on  A. is  shown  in  Ft|.  3-21.  Fot  tin  Nil:  VAC  I.RF  in  this 
ptohlcm,  mild  tut  Indent  e  tin  leasts!  die  lieatn  aica  h\  a 
lat  toi  ol  18  at  t>  km  and  mbit  »s|  oil-axis  uiatli.une  to 
less  ilian  it"- 1*|  die  oi  ignt.il  tin*  liiihuleutei  value. 

5-4.5  ARTILLERY  EXAMPLE,  THERMAL 
SENSOR  AND  WIRE-Ol  1DED  MISSILE 
PROHt.FM  (.thnlaic  thedltsi  ol  an  aridlciv  Imi- 
•age  on  ti.insiiuil.mt  c  I*n  a  witc-gmdtxl  mtvsde  with 
vnon  heat  tin  and  8- 12  jtm  thctutal  unagei  this  pi  oh 
lent  explains  the  use  t>|  ht  ait  diet*  example  while 
dltisitatmg  the  tlepentlem e  >*l  svsient  (terloim.une  on 
Unit  sins ii. il  hand  anti  lute  ol  sight. 


r„  =  0.3325(10  ‘A)4 '(10 'CiRi  ‘  \  in. 

In  the  example. 

r*  =  0.3325(1.06  X  10  W>  X  10  u  X  10‘«)  ‘ ' 
®  3.03  X  10  :K  ‘  \ro. 


Fin  the  xprtittrd  laser  aprttotr  o(  0.07  m. 


1)  _  0.07  H 

r#  ~  0.0303 


2,31  R'\ 


Thndutr.  IF  r«  >  S  il  If  S  1.5  km.  and  so  Ftp  3-23  is 
used  to  liml  the  vlnni  -tetm  Stiehl  ratio  V;  ai  ranges  of 
l  .6kttt  tn  longit. 


•V.J  = 

(I  +  (t)  r„)‘  ~  LI8(/>  r,)1  *|  ‘.dimcmionfrxs. 


5-4.5. 1  Conditions 

1.  System: 

a.  thermal  imager.  8-12  jim.  hn  tatger  att|ut*i- 
mm  and  track 

b.  Xemm  beaetnt  tm  missile  trackrd  by  3-5  gin 
missile  tracker 

2.  Ainwwplmr: 

a  Winter  altermnni.  10%  HI  I.  |tr<..  vixitnlils 

r  ~  5  k,.i 

b.  Audits v  barrage.  te|Mcs«siinlbs  Figs  l-IOaml 

III 

3.  lanaiimt: 

a  Nmxor  tl.  0  8km)<«andinatrv  Figs  i-IOand 

Ml 

b.  target: (6.  Of  Innimnnliluin. Figs.  4-  lOaml 
411 

».  Mixstle:  iMms  Irmn  targrr  a«i|in%«it<m  setixtn 
daunt  her )  to  latgrt 

4.  task: 

a.  Thnmal  rntagrt : detest  target  *ig»»al  (8-  I2gm* 

b.  Missile  uat  ker -  rletni  nussile  signal  (3-5  tun). 
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5--I.5.2  Determine  Atmospheric  Transmittance 
I.  Dtiriminc  iiansmilt.mct  for  iluTinal  imager: 

Foi  the  thermal  imager.  8-12  pm  irauMniu.incc  is 
<al«  ulaiecl along  a  3-km  path  from  (I.  -0.8)  to  (ti.  -0.8) 
coordinates.  From  Fq.  .1-1 

7(A)  =  7 'm(k)Ta(k)Ts(k)Tj(k) ,  dimensionless. 

From  Fable  1-2.  for  a  3-km  (rath  at  I0°('aiul  -I0®o  RH. 
the  8-12  /ini  molecular  transmittance  is 

748-12  pm)  -  0.77. 

From  Ecj.  1-4. 

7«(A)  =  i‘'ytik)N  ,  dimensionless. 

From  Fable  1-1.  if  visibility  l‘  =  5  km.  y«(8-l2)  is  0,07. 
At  a  range  of  3  km. 

7^8-12  pm)  =  e,007HM  =  0.70. 

riummittaucc  through  the  natural  attnospltetr.exe  lud- 
mg  crime  utants,  is  thus 

7(8-12  Aim)  =  (0.70X0.77)  =  0.51. 

Fimu  Ftp  1-1 

7/Af  =  .dimensionless. 

Ftcnn  Fig.  1-10.  i lie  dust  commit  anon  (Milt  length 
pioduci  <7  inirgiaied along ilw-  I.OSfiom  1 1,  o  Nkttn 
m lt».  0  8  kurus  17  Og  tit  .  Ficnn  I  able  I  tr.  »j(8  12  put) 
istf  ’Jticu  g  llieu. 

7/8- 12  Mill)  -  (.  "'»rl7«,  ^00jo 

In  lire  .iliv'iii  i  o|  smoke. 

r. tAi  -  i. 

l  lii  8-  I2|iiir  iiansiniii.iiM  e  iliiongh  tin  r-kin  (Milt  is. 
tlier « ton  . 

7(8-12  pin)  =  (0  77kO.70hI.Oh0.0I2) 

=  0.0005. 

2  fVieinnire  iMirsuuitaine  lm  lire  missile  na»  ke» 

|  Im  missile  iiaclet  on  die  launcher  Iras  a  1  *ptn 
deles  tut.  wlltt  h  liar  Vs  the  missile  pliuui' m  a  sc  iiott 
lieatrrti  on  the  missile,  this  ilrjnnlr  cm  die  trriuii 
design  I  tansituttanre  is  calculated  us  et  lire  (Mill  limn 
dir  missile  lo  die  lauttcliei.  lire  jutli  length  mil 


im  least  Irom  0  to  a  kin  as  the  missile  is  launched  and 
apptoaehes  the  tat  get.  In  addition,  the  amount  of  dust 
in  the  path  will  change,  as  shown  in  Fig.  -4-11.  Foi 
illustration,  transmittance  iscaic  nlated  here  for  the  lull 
3-km  path.  Again,  from  Fcp  1-1. 

7(A)  =  7m(A)7(,(A)7j(A)7j(  A),  dimensionless. 

From  Fable  1- 1 ,  for  the  specified  atmosphere  (visibility 
F  =  3  km.  10°C,  40%  RH).  3-3  pm  molecular  transmit¬ 
tance  over  a  3-km  path  is 

743-5  pm)  =  0.46. 

From  Eq.  j-4 

T/k)  =  cyAy)R 

where,  from  Table  1-4.  -ydi-5)  =  011  km  *  if  visibility 
1=3  km.  Thus 

7^3-5  pm)  =  e*0,UM  =  0.58. 

Ft  anstnittanc  e  through  the  natural  atmosphere,  esc lad¬ 
ing  obv  uiams.  is  thus 

7(3-5  pm)  =  (0.461(0.58)  =  0.27. 

Sine  ••  their  is  no  smoke. 

7,<A)  =  1.0. 

1  hr  iMitstmiiam  r  7*  A )  thnnigh  dust  is  again  c  ah  u- 
lated  using  Eq.  1-1: 


when-  du-  C  /  (Hnchic  i  ul  dust  is  as  drtrt  united  Jo  hr  17  0 
g  tie.  Flout  l  aid*'  Mi.  u,  1  ’>  pttti  -  0.27  m  g  Im 
iitttuiuon  grurtalisl  d*.isi  Unis. 

74 3-5  pm)  --  C,U■;N'T,,  a  0.010. 

Stdtstiiuiutg  in  Fq  1-1  gist  s 

rew  (->"•  =  m.***  ""'ci.oir 

=  0.0027. 

Fo«  (Mills  shot na  Ilian  iIh-  lull  Vkiu  p.uli  length. 
iMUsinillaiH  e  t»  r Jl  Irr  Itighet 

5-4.3.S  Summarv:  Anillers  Es  ample.  Thermal 
Sensor  and  Wirr-Fiuided  Missile 

II  a  wra|nni  srstcui  Itas  srttsots  cgietaiiMg  m  isso 
ddfrtmi  qmiial  bauds.  ih*-  aunmphrTr  will  almost 
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always  affect  the  two  sensors  differently.  Differences  in 
location  of  the  sensors  relative  to  the  target  will  affect 
their  relative  performance.  In  this  example,  natural 
atmospheric  transmittance  over  the  5-km  path  differs 
by  a  factor  of  2  for  the  3-5  pm  missile  detector  and  the 
8-12  p m  thermal  imager:  0.27  in  the  3-5  /an  band  and 
0.54  in  the  8-12  pm  band.  Transmittance  through  the 
dust  is  about  0.01  in  both  bands.  However,  as  the  missile 
moves  from  the  sensor  to  the  target,  transmittance  over 
the  line  of  sight  (LOS)  from  the  beacon  to  the  thermal 
imager  goes  from  1.0  (at  the  imager)  to  about  0.003.  A 
temporary  blocking  of  the  thermal  imager  LOS  to  the 
target  could  result  in  erroneous  guidance  to  the  missile 
and  thus  a  miss  even  if  there  is  very  high  transmittance 
on  the  missile-to-beacon  LOS.  Note  that  in  the  3-5  /tun 
band,  the  extinction  coefficients  for  HE  dust  (Table 
•1-6),  fog  oil,  diesel  oil,  and  phosphorus  (Table  1-2)  are 
all  between  0.25  and  0.29  m:  g,  whereas  for  HC  it  isa  bit 
lower,  0. 19  m'  g.  These  obscurants  will  have  very  sim¬ 
ilar  effects  on  3-5  pm  transmittance  for  equal  Cl.  prod¬ 
ucts  of  obscurant.  In  the  8- 1 2  pm  band  HE  dust  and  YVP 
have  extinction  coefficients  of  0.26  and  0.38  m’  g  and 
will  have  similar  effects  on  transmittance.  The  8- 12  pm 
extinction  coefficients  for  other  inventory  smokes  are 
much  lower  (Table  1-2);  tin  ore,  these  obscurants — 
FO,  HC,  YVP,  and  anthrac  ene— will  generally  have  neg¬ 
ligible  effects  on  8-12  pm  sensor  performance. 

5-4  6  ARTILLERY  EXAMPLE,  LASER 
DESIGNATOR 

PROBLEM:  Calculate  uansmiltanc  e  for  laser  desig¬ 
nation  in  artillery-generated  dust.  Two  wavelengths 
must  be  considered  in  laser  designation;  the  hu.  nan  eye 
fc  rget  loc  ation  and  the  laser  wavelength  for  designa¬ 
tion  and  tracking.  In  addition,  the  designator  and 
trac  ker  are  not  collocated  so  botn  path  length  and  ob¬ 
scuration  may  be  different  for  the  two  sy  terns. 

5-4.6. 1  Conditions 

1.  Laser  designator  and  weapon  system  (see  Fig. 

2-5): 

a.  Human  eye,  0.4-0  7  pm 

b.  Laser  designator,  1,06pm  (active) 

c.  Laser  spot  tracker,  1.06  pm  (passive) 

2.  Atmosphere: 

a.  Central  Europe,  spring  morning 

b.  Ailil lei y  engagement,  represented  by  Figs.  4- 
12  and  4  IS 

S.  Locations: 

a.  Designator  system  (eye  and  designator  laser): 
(4,  1  km)  coordinates 

b.  Laser  spot  tracker  (on  weapon):  (3,  0  km) 
coordinates 

c.  Iarget :  (5,  0  km)  coordinates 


4.  Task: 

a.  Designator  system:  acquire  target  visually  and 
designate  with  1.06  pm  laser 

b.  Laser  spot  tracker:  track  1.06pm  laser  signal 
reflected  from  target. 

5-4.6.2  Determine  Atmospheric  Transmittance 
for  Visual  Target  Acquisition 

From  Fig.  4- 1 3,  there  is  a  clear  LOS  from  the  designa¬ 
tor  to  the  target.  The  range  II  is  1.4  km.  Average  weather 
I  r  a  spri.g  morning  in  the  European  highlands  is 
found  in  Table  3- 12.  Visibility  Lhasa  mean  value  of  9.6 
km  for  the  3  A.M.  to  9  A.M.  time  period,  and  absolute 
humidity  p  averages  5.8  g  in’. 

Eq.  3-1  gives  transmittance  T(A): 

7'(A)  =  Tm(A)T„(A)rs(A)T4A),dimensionlcss. 

In  the  visual  and  near  1R  spectral  bands,  Tm(  A)  is  found 
using  Eq.  3-3: 

Tm( A)  =  e  dimensionless, 

where,  from  par.  3-2. 1.1,  ym(0. 4-0.7)  =  0.02  km  ‘,  Thus 

Tm(0. 4-0.7  pm)  =  e'(002)(,  ‘,)  =  o.97. 

Similarly,  T„( A)  is  found  using  Eq.  3-4: 

Ta(  A)  -  cy'{K)li 

* 

where  7a(0. 4-0,7)  is  given  by  Eq.  3-5: 

7a(0.4-0.7)  =  3.912/ 1',  kin  '. 


Thus 

Tfl(0.4-0.7  pm)  =  e  ('lyi2  r,H 

=  e  (-3.912  9.ti)(U).- 0  57 

Since  there  are  no  obscurants  such  as  smokes  or  dust  in 
the  LOS 


T,( A)  =  1.0  and  7V A)  =  1.0. 


Substituting  in  Eq  3-1  gives 


7(0.4-0.7  = 

e(0.02)(l,l)c-<».UI2  u.«)(l  l)(l  0)(,  0) 

=  0.55. 
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5-4.6.3  Determine  Atmospheric  Transmittance 
(or  Laser  Designator 

The  1.06-pm  designator  radiation  propagates  from 
the  designator  to  the  target  and  is  reflected  off  the  target. 
The  path  from  the  designator  to  the  target  is  the  same 
(unobstructed)  LOS  for  which  visual  transmittance  was 
calculated  in  par.  5-4.6.2.  The  2-km  path  from  the  target 
to  the  spot  tracker  contains  munition-generated  dust. 
Transmittance  is  calculated  using  Eq.  3-1  (see  par.  5- 
4.6.2).  Tm(X)and  Tj(a)  are  calculated  for  the  entire  path 
length  (2  km  +  1.4  km);  Tj( A)  is  calculated  only  over 
the  obscured  portion.  From  par.  3-2. 1.2 

rm(i.06)  =  i. 

The  near  IR  aerosol  extinction  is  calculated  using  Eq. 
3-4,  with  y«(A)  given  by  Eq.  3-6  when  visibility  V  is 
greater  than  0.6  km: 

7.(1.06)=  100',36  +  U61oK(3-9,2,,,k.n* 

=  0.26  km"1. 

ra(i.06)  = 

_  -(0,26)(l.4  4-  2) 

=  0.41. 

Transmittance  Tj{k)  through  the  dust  is  determined 
from  Eq.  4-3 

Tj(  A)  =  c'a4K)<:l\ 

From  Table  4-6, 

Ml. 06)  =  0.26. 

The  concentration  (rath  length  produtt  07.  of  dust  in 
the  (rath  is  st  ak'd  from  the  dust  concentration  plot  front 
Fig.  4-13.  On  the  path  between  the  target  and  the  laser 
tracker.  (5.  0  km)  to  (3.  0  km),  approximately  600  m  is 
obscured  by  dust.  There  is  about  230  m  of  dust  with  a 
corn  eutration  of  0.01  g  in 'and  330  m  with  atuncemta- 
lion  of  0.03  g  m*'.  This  give's  an  iiuegraietld  mi  tom  cu¬ 
lt  at  ion  |>ath  length  prtKluet: 

CL  =  (0.01  )(250)  +  (0.05X350) 

=  20*  m*’. 

Illllv 

Ta  1.06  put)  =  =  0.0055. 

Since  7\(AI  —  1.0  substituting  m  Eq.  3-1  gists 


7(1.06)  -(1.0)e-,0“xu+2yi.O)e-'0'2B'20» 

=  0.0027. 

5-4.6.4  Summary:  Artillery  Example,  Laser 
Designator 

In  this  problem,  weapon  system  effectiveness  depends 
on  performance  in  two  spectral  bands  (eye  and  laser) 
over  two  atmospheric  paths.  The  forward  observer  has 
an  unobscured  LOS  to  the  target.  The  designator  laser 
energy  propagates  along  the  unobstructed  LOS  to  the 
target  and  then  is  reflected  through  munition-generated 
dust  toward  the  tracker.  The  target  can  be  located  and 
designated  by  the  observer,  but  the  laser  spot  tracker 
may  not  be  able  to  acquire  the  target  because  of  the  dust. 
Obscuration  along  the  designator— target  LOS  would 
affect  target  location  and  designation. 

Note,  however,  that  in  the  visible  and  near  IR  spectral 
bands,  dust  (  Table  4-6)  has  an  extinction  coefficient  ol 
about  0.3  tnv'g;  it  is  much  less  effective  as  an  obscurant 
(given  similar  concentrations)  than  inventory  smokes, 
which  have  extinction  coefficients  of  3.66  to  6.85  m2  g 
in  the  visible  band  and  1.77  to  1.59  at  near  IR  wave¬ 
lengths  (see  Fable  4-2). 

5-4.7  ARTILLERY  EXAMPLE, 

MILLIMETER  WAVE  SYSTEM 

PROBLEM:  Calculate  the  effect  of  dust  on  down¬ 
ward-looking,  passive  ntmw  terminal  guidance  This 
problem  illustrates  the  negligible  effect  of  dust  on 
mimv  radiation. 

5-4.7. 1  Conditions 

1 .  System.  Munition  with  94  OH*  passive  ter  initial 
guitlame 

2.  Annosph'  ie: 

a.  Eutopean  highlands,  winter  jliernoon 

b.  Artillery -generated  dusi.  represented  by  Fig. 

1-10 

3.  Seits.»t  location: 

a.  (5.  0.1  knDcooidiiraies,  Fig.  4-10 

b.  Sensor  altitude,  30  m 

4.  Task.  Downward-looking  terminal  tatgrt acqui¬ 
sition  ami  gi  ttlanc  e. 

5*4. 7.2  Determine  Atmospheric  Transmittance 

1.  Transmittance  7'(A)  is  given  by  Eq.  3-1 

T(  A)  =  T4A)r^MTXA)Ta(A). 

At  94  (ill*,  bout  Eq.  3-3 

T«(A)  = 
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where  7m(O  I  GHz)  is  dependent  on  absolute  humidity  p 
as  shown  in  I'ablt-  3-3.  Wealin')  data  for  the  Knropean 
highlands  are  given  in  Table  3-12.  In  the  winter,  aver¬ 
age  absolute  humidity  is  about  1.7  g  in'.  At  this  humid¬ 
ity,  Table  3-3  gives  ym(9  l  GHz)  as  approximately  0.063 
km  '.  Thus 

Tm(9 4  GHz)  =  e'(0  06S)<0050)  =  1.0. 

From  par.  3-2. 2d,  immv  radiation  is  not  attenuater 
by  haze.  Therefore, 

7,(9 4  GHz)  =  1.0. 

The  nnmv  sensor  was  plat  ed  at  a  position  where  the 
downward-looking  optical  depth  OD  of  dust  varies 
from  greater  than  3.0  to  about  1.0.  The  dust  t  om  emra- 
tion  must  lx-  determined  in  order  to  t  ab  ulate  91  GHz 
iiansmittame.  From  Ftp  1-6, 

OD  -  1  nT(0.4-0.7  pm) 

—  df,/(0.4-0.7  fiin )Cl.. 


Table  1-6  gives  aj(0.  f-0.7  gin)  as  0.32  of  g.  Therefore, 
these  OD  values  correspond  to  tlust  (.7.  products  of 
aixmt  3  to  10  g  m\  Millimelet  wave  transmittance 
7‘j( A )  through  dust  is  tabulated  from  Ftp  1-3.  with 
aa(94  (jlfz)cquul  to 0.00 1  g  m; (from  Table  1-6).  Foi  a 
CL  «»f  10  g  m:  of  dust 


7j(A) 


^•(0,001  M  10) 

0.99. 


If  the  C.L  were  100  g  in’,  the  tlust  ttansmitiauce  term 
would  Ik* 


5-4.8  OBSCURING  SMOKE  EXAMPLE, 
LASER  GUIDANCE 

PROBLEM:  Determine  effect  of  smoke  on  missile 
system  with  CO-  laser  guidance  and  TV  or  thermal 
imager  target  acquisition.  This  problem  illustrates  the 
effect  of  smoke  on  sensors  that  operate  in  different  spec¬ 
tral  bands  but  may  be  part  of  the  same  weapon  system. 
Natural  atmospheric  transmittance  effects  have  been 
covered  in  the  previous  examples;  they  ate  not  treated  in 
this  example. 

5-4.8. 1  Conditions 

1.  System: 

a.  Thermal  imager,  8-12  ptn.  for  target  location 
and  trac  king 

b.  Missile  plume  trucker.  3-5  pm.  for  initial  mis¬ 
sile  true  king 

c.  CO:  laser,  10.6  pm.  for  missile  guidance 

d.  TV,  0.7- 1 . 1  pm.  as  alternate  tor  target  bx  at  ion 
and  trac  king 

2.  Atmosphere: 

a.  Natural  atmosphere  ignored  for  this  illustra¬ 
tion;  7'».(A)  =  7'd  A)  =  1. 

b.  Phosphorus  smoke  from  WP  tmn,:  ns  illus¬ 
trated  in  Fig.  i  21 

t.  Relative  humidity  lil I  =  50% 

.3  Fixation  (see  Fig.  1-21): 

•t.  Target  at  (100.  75  m)  coordinates 

b.  Sensor  at  (130.  75  m)  tmitiinatcs  (smoke  has 
just  hlmvu  across  sc'ttsor). 


5-4. 8. 2  Determine  Atmospheric  Transmittance 

Transmittance  7", (A)  ttuough  smoke  is  given  l>>  Ftp 
-1-2: 


t\(K)  =  t 


t-o.tA»f.7. 


T4 94  GHz)  0.90. 

Cleutfy.  a  very  high  c  one  ent  tat  ion  of  dust  is  tetpuml 
to  defeat  the  IM  GHz  settsot  in  cleat  wc-athct  (il  the 
system  clesign  is  viable  in  the  dust  Itec  environment). 

5-1.7.3  Summary:  Artillery  Example,  Millimeter 
Wave  System 

Munition-generated dust  is  not  utt  cf fee  live  obsc  mam 
lot  mittw  systems.  A  Cl.  of  100  g  in’*  reduces  Of  (•llz 
transmittance-  to  0.90  Inspection  of  Table  1-2  shows 
that  t  met  not  v  sttxAes  ate  equally  im-IIettive  against 
tnmw  systems. 


Values  for  o.(A)at  50%  KH  are  given  in  Table  1*2.  lire 
CL  of  phosphorus  in  the  path  must  be  determined  from 
Fig.  1-21. 

To  estimate  the  C.L  .dong  any  |tath  thtoogh  tin-  oh- 
sc  mam,  note  the c  out eittiat ion  c  oiuom  s.  t  'sing  a  t  ufei . 
measotc  the  jiaih  length  /.  lot  each  comemtatiott  (. 
lire  total  C.L  is  the  sum  of  the  com  cult  alum  pub 
length  pttxlut  t  lot  eat  h ol  thedust  coniotus tu  the  1.05. 
Tot  this  example,  as  noted  on  Fig.  1-2! .  the  total  CL 
along  ilt<  target  to  viw»  LOS  is 

Cl.  —  (50m)(0.0l  g  in’)  + 

(190m)(0.03g  »«*)  +  (SOm)yO.Oig  ttt‘) 
-  6.5  g  mJ. 
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From  Fable  1-2 

a,(0.7-l.l)  =  1.77  m'/g 
o,(3-5)  =  0.29  m'/g 
os(8-12)  =  0.38  m'/g 
as(10.6)  =  0.38  m'/g. 

Thm*fore,  for  the  8-12-gin  thermal  sight 

7,(8- 12  gm)  =  e'(a38)(6-5) 

=  0.085. 

For  the  3-5  gin  sensor 

7i(S-5  jum)  =  e'(0  29K6  5) 

=  0.15. 

For  the  10  6  gin  laser 

7,(10.6  nm)  ~  e'<<U8><65) 

=  0.085. 

For  the  (alternate)  TV  sight: 

7,(0.7-l.l)  =c'<l77M65) 

=  1.0  X  10“5. 

5-4.8.S  Summary:  Obscuring  Smoke  Example, 
Laser  Guidance 

This  example  calculated  transmittance  through  WP 
smoke  for  four  different  spectral  bands  that  might  form 
part  of  a  weapon  system  using  a  CO<  laser  (or  missile 
guidance.  Transmittance  through  the  same  amount  of 
WP  smoke  (6.5  g  m‘*i  varied  from  1.0  X  10  'for  the  TV' 
sight  to  0  085  for  the  CO:  laser  to  0.15  for  the  3  5  gm 
sensor.  lire  clear  weak  link  in  this  example  is  die  TV 
sensor  if  operation  in  WP  smoke  is  required.  The 
example  illustrates  that  in  a  multispectral  system,  one 
critical  sensor  may  not  be  able  u>  see  through  the  ob¬ 
scured  atmosphere,  even  though  the  other  systems  have 
adequate  signal. 

5*4.9  VEHICULAR  DUST  EXAMPLE, 
LASER  GUIDANCE 

PROBLEM:  Effect  of  vehicular  dust  on  missile  sys¬ 
tem  with  CO;  lasrt  guidance  artdTV or  thermal  i.nagrr 
target  acquisition.  System  is  the  satr.e  as  that  n  pat. 
5-18.  l+u  problem  illustrates  the  effect  of  vrkiculat 
duu  on  sensors  in  different  spectral  band*  by  using  the 
vehicular  dust  combat  example  (torn  par.  4-7.3.  Natural 
atmospheric  transmittance  is  not  calc  ulated. 


5-4.9.1  Conditions 

1.  System  (same  as  par.  5-4.8. 1): 

a.  Thermal  imager,  8-12  gm,  for  target  location 
and  tracking 

b.  Missile  plume  tracker,  3-5  gm,  for  initial  mis¬ 
sile  tracking 

c.  CO2  laser,  10.6  gm,  for  missile  guidance 

d.  TV,  0.7- 1. 1  gm,  as  alternate  for  target  location 
and  tracking 

2.  Atmosphere: 

a.  Natural  atmosphere  ignored 

b.  Vehicular  dust  from  motorized  rifle  battalion 
in  attack  formation,  illustrated  in  Fig.  4-24 

3.  Location  (see  Fig.  4-24): 

a.  Target  at  (+100,  325  m)  coordinates 

b.  Sensor  at  (—500,  325  m)  coordinates. 

5-4. 9.2  Determine  Atmospheric  Transmittance 

Transmittance  T/X)  through  vehicular  dust  is  given 
by  Eq.  4-3: 

7d(A)  =  ea*K)Cl\ 

Values  for  aj(k)  for  vehicular  dust  are  given  in  Table 
•4-8.  The  CL  of  vehicular  dust  in  the  path  is  determined 
from  Fig.  4-24.  For  the  LOS  selected  in  this  example, 
the  Cl.  is  indicated  on  Fig.  4-24  as  2.8  g  m!.  Transmit¬ 
tance  will  be  calculated  over  the  entire  sensor  to  target 
LOS.  From  Table  4-8 

a40.7-l.l)  =0.30  nr  g 
a4  3-5)  =  0.27  tn'Vg 
o48-12)  =0.25  mjg 
O410.6)  =  0.25  m:  g. 

Therefore,  for  the  8-12  gm  thermal  sight 

748-12)  =  c  ,02*H’ ^  =  0.50. 

For  the  3-5  gm  sensor 

743-5)  =  e‘t0 =  0.47, 

For  die  10.8  gm  sensor 

7410.6)  *  c4*»***>  «  0.50. 

For  tire  alternate  (0.7- 1.2)  TV  sight 

740.7-1. 1)  =  =  0.43. 
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5-4.9.B  Summary:  Vehicular  Dust  Example, 
Laser  Guidance 

The  extinction  coefficient  for  vehicular  dust  is  rela¬ 
tively  flat  in  the  visible  and  thermal  bands;  it  varies 
from  0.32  m2/g  in  the  visible  band  to  0.25  m2/g  in  the 
8-12  /am  band.  For  the  amount  of  dust  in  this  example, 
the  effect  will  be  small  to  moderate  degradation  in 
sensor  performance. 

5-4.10  PRECIPITATION  EXAMPLE,  LASER 
GUIDANCE 

PROBLEM:  Effect  of  rain  on  missile  system  w.th 
CO:  laser  guidance  and  TV  or  thermal  imager  target 
acquisition.  System  is  the  same  as  that  in  pars.  5- 1.8  and 
5-4.9.  This  problem  illustrates  the  effect  of  rain  on 
transmittance  for  different  spectral  bands. 

5-4.10.1  Conditions 

1.  System  (same  as  par.  5-1.8. 1  and  5-4, 8.2); 

a.  Thermal  imager,  8- 12  pm  for  target  location  and 
tracking 

b.  Missile  plume  tracker,  3-5  pm.  for  initial  mis¬ 
sile  tracking 

c.  CO:  laser.  lO.ii  pm.  for  missile  guidance 

d.  TV,  0.7- 1 . 1  pm.  as  alternate  for  target  location 
and  tracking 

2.  Atmosphere: 

a.  Winter  afternoon,  light  rain  with  rain  rate 
r  ~  2.5  nun  h 

b.  Relative  humidity  HH  —  90%.  tein|>etaioie 
T  =  10°C. 

3.  Task.  Calculate  atmospheric  transmit  tame  over 
a  I -km  path. 

5-4.10.2  Determine  Atmospheric  Transmittance 

1.  Transmittance  T[K)  is  given  by  Eq.  3-1 

7(A)  =  Tm(k)Tt(k)Ti(k)TAk) 

where  in  the  absence  of  dust  and  smoke  T4A)  -  T.fX) 
-  1.0.  If  it  is  raining  ot  snowing,  the  aerosol  extinction 
term  Tj,K)  is  replaced  by  the  precipitation  transmit¬ 
tance  term  74  A).  Therefore,  in  this  case 

T(k)  «  T4A)Tf<A). 

2.  Determine  the  molecular  transmittance  term; 
use  the  tondiliou*  specified  in  par.  5-4.10.1. 

a.  Irtnn  Tabic  S  I.  74 3-5)  -  0.59. 

b.  From  Table  3-2.  748- 12)  *  0.83. 

c .  Front  pat.  5-2.1.  Eq  3-3,  lor  visible  and  near  IK 
sensors 


74  A)  =  ey”{K)R 

From  par.  3-2.1. 2,  ym(0.7-l.l)  =  0.03  km1.  Therefore, 

7m(0.7-l.l)  =e'(003)(10)  =  0.97. 

d.  Values  of  ym(A)  for  the  CO:  laser  line  are  given 
in  Table  3-3,  as  a  function  of  absolute  humidity  p. 
Absolute  humidity  p  is  calculated  from  relative  humid¬ 
ity  and  temperature  using  information  in  Appendix  B. 
Eq.  B-l.  Note  that  in  this  equation  temperature  is  in 
Kelvins  (Celsius  temperature  4-  273)  and  RH  is  decimal. 


=  3.66  g/nv\ 


From  Table  3-3.  by  intet  |K>lation.  7.4  10.0  pm)  =  0.097 
km"'.  Then,  using  Eq.  3-3 

7410.6)  =c'(0<w7Ml0)  =  0.91. 

3.  Determine  the  precipitation  transmittance  term 
7V(A).  From  Eq.  3-12.  for  visible,  near  IR.  and  thermal 
« f  stems 

74  A)  =  cyAK'R 

where  (or  widespread  rain,  from  Eq.  3-H. 

»*4vis,  thctmtl)  =  0.36ra*'  ,  kin"1 
=  0.36  (2.5)°“ 

=  0.64  kin”1. 

Ilindorv. 

Tptk)  =  c10*""01 

=  0.5S. 

1.  IXtet mitre  anoo-phef  it  iiunsmiluntvby  using  values 
calculated  (or  74 A)  and  7*4  A). 

For  the  3-5  pm  sen*** 

7(3-5)  =  743-5Mm)T43-5Mtn) 

*  (0.59K<06iM,  0‘ 

=  0.31. 

Fo*  the  8-12  pm  sensor 
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T(8-12)  =  TM(8-12Mm)TP(8-12/Lim) 

=  (O.83)e‘(0'64)(,0> 

=  0.44. 

For  the  CO2  laser 

7(10.6)  =  7m(  1 0. 6/uni )  7P(  1 0.6/x  m ) 

—  -(0.097 ){ 1 .0)  -(0.64 )( 1.0) 

—  c  c 

=  0.48. 

For  the  TV  sensor 

T(0.7-l.l)  =  Tw(0.7-l.lpm)Tp(near  IR) 

_  -(0.03 )( 1 .0)  -<0.64)(  1 .0) 

—  c  c 


5-4.10.3  Summary:  Precipitation  Example 

This  problem  illustrates  the  calculation  of  transmit¬ 
tance  through  precipitation  for  near  IR  and  thermal 
sensors.  The  transmittance  through  rain  of  visual,  near 
IR,  and  thermal  bands  is  calculated  using  the  same 
expression  for  TP(K),  from  Eq.  3-13  to  F.q.  3-15.  The 
determinant  of  overall  transmittance  in  rain  is  therefore 
the  molecular  transmittance  term  Tt(k),  so,  in  cold 
weather  (low  atmospheric  water  vapor  content),  ther¬ 
mal  and  visual  transmittance  through  rain  will  not  be 
significantly  different.  In  warm  weather  (high  atmo¬ 
spheric  water  vapor  content),  visual  transmittance  will 
be  better.  To  calculate  the  effect  of  rain  on  sensor  per¬ 
formance,  one  must  also  determine  the  effect  of  rain  on 
target  signature  and,  for  day  sights,  I1  sensors,  and  TV, 
or  ambient  light  level. 


=  0.51. 
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GLOSSARY 


A 

Absolute  humidity.  The  ratio  o(  the  mass  of  water 
vapor  present  in  air  to  the  volume  occupied  by  the 
mixture  of  water  vapor  and  air. 

Active  system.  System  which  uses  an  illuminator  (lamp 
source,  laser,  or  mmw  beam)  to  detect  targets.  The 
signal  detected  by  an  active  system  is  the  illumina¬ 
tor  energy  reflected  by  the  target  (and  or  back¬ 
ground). 

Aerosol.  Colloidal  sus|X'nsion  of  solid  or  liquid  parti¬ 
cles  dispersed  in  a  gas. 

Aerosol  extinction.  The  atmospheric  attenuation  of 
radiation  due  to  scattering  and  absorption  by  sus- 
I  tended  aerosol  par  titles. 

Air  temperature,  'lire  tcmpciaturc  ol  the  ait  as  mea¬ 
sured  by  a  dry-bulb  thermoim-lei. 

Apparent  contrast,  t  he  laigci-to-butkgiountl  tunnasi 
seen  by  an  ubsetvei  01  oihci  sensoi  seriated  bout 
the  taigei  scene  by  a  t  outlast -degrading  medium 
stub  as  lire  atmosphere. 

Atmospheric  pressure,  ground  level,  lire  lone  |*i 
mill  area  applied  to  the  gtound  by  tire  i  ultimo 
all  above  it 

Atmospheric  transmittance.  Ratio  ol  letervtd  power 
to  ettnilid  (anvil,  deltoid  mo  a  spcuiud  path 
length  thtoiigh  the  atntm|>lieie.  Auuosphtttt  iiaus- 
oottame  ile|*eotts  on  the  wavelength  ol  the  radta- 
non.  the  length  ol  the  anuosphetu  (Mth.  ami  the 
t\|a-  and  inuct-niiaiiou  ol  the  aimox|>ltctit  ton- 

sliltMIUs. 

Atmospheric  window.  A  s|a-t  ttal  band  that  is  ilurac  • 
let t #»d  by  gtaal  atmtnpltei li  tiaosmiitame. 

b 

Beam  rider.  A  missile  lot  whit  h  tire  gutdam  e  system 
ionsisisv4  vtaikLml  irleretric  signals  tiaitsiuiiud  in 
a  radar  beam  that  enable  the  missile  to  sense  its 
ImaticMt  telatiw  to  the*  brain,  i  twin  t  its  tuunr. 
ami  thereby  stay  in  lire  beam. 


Burn  rate.  The  rate  of  delivery  ol  munition  fill  mass 
into  the  atmosphere. 

c 

Classification.  The  ability  to  distinguish  a  target  by 
general  type1,  e.g.,  as  a  tracked  vehicle  instead  of  a 
wheeled  vehicle. 

Clutter.  Objects  in  the  background  scene  that  inter¬ 
fere  with  the  ability  ol  an  observer  to  acquire  and 
distinguish  targets. 

Concentration  path  length  product  (CL).  The  quan¬ 
tity  ol  an  obscurant  along  a  line  of  sight,  obtained 
by  integrating  the  obscurant  concentration  along 
the  ;~i>  length. 

Contrast,  target  tutliunte  minus  batkgiound  radiance 
divided  by  bat  kgrnmtd  radiance. 

Contrast  transmittance,  tlu-  ratio  of  apparent  con¬ 
trast  to  inherent  contrast,  thr  tout  rust  mint  lion  is 
caused  by  light  scattered  into  the  sensor  Itt-ltl  ol 
view  by  lire  utiiu  inhere  between  the  sensor  and  lire 
target. 

D 

Day  sight  (direct  view  optics).  Opiuat  systems  mu  h  as 
bmosidats  oi  (try  (u-nscopcs  which  tally  magnify 
an  image*.  In  a  day  sight,  the  human  rye  is  the 
iletre  lot. 

Detection.  I1h-  ability  to  distinguish  tliat  an  arnlait 
within  the  field  oi  vu  w  is  ol  milriaty  inietrsi  For 
tlu-rmal  systems.  ils-irs non  may  tu*  miter  MDT 
ik  ies  u«*  or  MET  detection. 

Dew  point.  The-  lempetaiute  to  which  ait  at  a  given 
(Mt-wiife  ami  water  va|KM  sontetu  (absolute  humid¬ 
ity)  must  be  i  lulled  lot  saturation  10  occur. 

E 

Extinction.  Hu*  tetnoval  of  ettetgy  by  scattering  or 
ain  upturn  hum  radiation  traversing  a  medium. 


Cl 
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F 

Field  of  view.  The  portion  (angle)  of  the  objec  t  scene 
that  is  included  in  the  displayed  imagery  of  an 
imaging  system. 

Fog.  A  visible  aggregate  of  minute  water  particles 
suspended  in  the  atmosphere  at  or  near  ground 
level. 

Fog  oil  smoke.  Oil  droplet  aerosol  dispensed  by  valo¬ 
rizing  vehicle  engine  diesel  fuel  or  specially  sup- 
plied  fog  oil. 

G 

Geometric  optics  region.  Particle  size  is  latge  coin* 
|Kircd  to  the  wavelength  ol  the  scattered  tadiation. 
S*  a t tei  mg  eliiciency  is  about  2.0  lot  geumetue 
optics  scattering. 

H 

Halt.  Naturally  occurring  atmospheric  aerosol,  which 
may  inc  Icicle  dust  particles.  stilt  spray,  or  inthtsiiial 
IKilhitams.  "Haze”  is  used  m  describe  atmospheres 
with  visibilities  I -'2  km  or  greater. 

Hr  xachloror  thane  smoke.  A  pyrotechnic  smoke  gen¬ 
erated  by  the  bunting  c*|  the  Itrxac  hloitK'thane 
tilth  composition  ol  aluminum,  zinc  ostde.  ami 
hrxac  hlotnrthane  lesuhtug  in  a  hygroscopic  zme 
c  hie  aide  aerosol. 

Hygrtncopk  sosokr.  Simrke  tltat  hydrates  by  ubsocb- 
ing  water  horn  tire  atmosphere,  lire  extinction 
c  oef  In  lent  ol  hygtnscopic  aerosol  panic  les  depends 
on  relative  hmmchiy . 

I 

Identification,  lire  ability  to  disctiminair  the  exact 
model  of  a  la i gel.  e.g..  to distiilguislt  a  17*2  hunt  a 
ItW  tank. 

Image  rniensitkr.  An  imaging  deskr  using  au  t  ics  ■ 
item  lube  that  reproduces  cm  a  lluurescrtu  scutate 
an  image  of  a  radial nm  pattern  ha  turd  on  its  |dto- 
utsrttsiiivr  surfair.  Image  imettsilrrts  are  used  at 
night  to  produce  an  image  that  is  freighter  to  the 
rye  titan  ihr  original  scene.  V hey  respond  to 0. 4-0.9 


pm  radiation  (second  generation)  or  0.6-0.!)  pm 
radiation  (third  generation.) 

Index  of  refraction.  1  lie  ratio  of  the  speed  of  light  in 
a  vac  uum  to  the  speed  of  light  of  spec  died  wave¬ 
length  in  a  medium. 

M 

Mass  extinction  coefficient.  A  measure  of  the  effec¬ 
tiveness  of  an  obscurant  in  attenuating  radiation. 

Mie  scattering.  Scattering  that  occurs  from  pan  ides 
with  radii  greater  than  I  10  the  size  of  the  radia¬ 
tion  wavelength,  and  lor  whic  h  Mie  scattering  the¬ 
ory  must  be  used  to  <  ale  ttlale  M  attel  mg  edit  ient  y. 

Minimum  detectable  temperature  (Af DT).  The  \II)T 
ol  a  ilieimnl  device  is  the  minimum  trm|ieraiuie 
dilfereme  between  a  septate  (or  c  iic  ulai)  target  and 
the  tiackgrmmd  necessaty  lot  an  observei  to  |mi- 
ceive  the  tat  get  tlttough  the  thermal  imager,  it  is  a 
(tint  lion  i  I  taigci  angulai  size  and  lepteseitts  the 
rhieshuld  detection  capability  of  the  system. 

Minimum  resolvable  contrast  (AUK,1).  A  |xitametei 
used  itt  modeling  the  prrlunnantc  ol  image  mien- 
siliers.  tlay  sights,  and  the  eve.  MHC  is  the  appat- 
em  contrast  tecpiited  to  t evolve  a  taigei  of  a  given 
s|»ati;d  Itecprenty  and  is  ptev-ntecl  as  a  (unc  tion  ol 
s|iaiial  liecpH*nc y  m  units  ol  evdes  mm  or  cycles 
mt.nl. 

Minimum  resolvable  temperature  difference  {MKT). 
Ilte  centtal  )iataitteter  in  the  modeling  ol  inhaled 
imaging  hardware  petlocmame.  MKT  ts  tin-  mm 
imiim  iem|«etaime  dt  I  let  erne  terpmetl  brtwtvtt  a 
siamtard  Irat  ivpe  paliein  ( 1-lwi.  7:1  as|ieci  ratio)  at 
which  a  named  tilwivii  with  normal  vision  can 
distinguish  the*  I >at  p  em  as  a  Imn-Uai  jiaiuni.  h 
is  pinned  as  a  g'nph  ol  minimum  tem|«erarnte  dil- 
leteiue  ( K  or  “( .)  oocouli/nl  to  100  K  versus  spatial 
Impirmy  (tve les  intad)  in object  s|xur. 

Modulation  transfer  function  (AfTF).  Hie  sitte  wave 
v|Mtial  (tecpH'tn  v  amplitiMle.  which  i\  a  meavme ol 
the  spatial  Impiroc  v  response  of  an  imaging  %vs- 
trtn.  It  is  stnitly  defined  as  die  modulus  ol  tin- 
complex  Fmuiet  itanslotui  ol  tin-  point  sjurad 
hrmticNi  ol  the  dev  ice. 

Molecular  extinction.  The  atmospheric  atieitoatioct  ol 
tadiaticni  dm-  to  abvotprioo  by  or  scanning  horn 
atmmphntt  mokvulc*. 
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Monochromatic  radiation.  Spectrally  narrow  radiation 
(containing  energy  in  a  very  limited  wavelength 
region). 


Resolvable  cycles.  The  number  of  cycles  which  the 
average  observer,  using  an  imaging  system,  can 
discriminate  50%  of  the  time  under  the  set  of  condi¬ 
tions  being  considered. 


o 

Optical  depth.  A  measure  of  opacity  to  visible  radia¬ 
tion.  Optical  depth  is  the  negative  of  the  logarithm 
of  visual  transmittance. 


s 

Scattering.  The  removal  of  energy  from  a  beam  of 
radiation  traversing  a  medium  by  reflection  and 
refraction. 


P 

Particle  site  distribution.  Number  density  or  mass 
density  of  (aerosol)  particles  as  a  function  of  parti¬ 
cle  radius. 

Pasquill  category.  A  measure  of  the  rate  of  vertical 
spread  of  an  obsturani  from  the  obscurant  source. 
The  atmosphere  is  c  hurat  leriml  as  unstable  (Pas- 
rjuill  (allegory  A  or  B).  neutral  (0  01  D).  or  un¬ 
stable  (For  F). 

Passive  system.  System  tltat  docs  not  use  an  illumina¬ 
tor  as  a  signal  sourer.  Passive  systems  detec  t  energy 
emitted  by  the  targrt  and  background,  or  reflected 
ambient  illumination. 

Phosphorus  smoke.  Psinteclmit  smoke  bunted  by 
burning  elemental  phmplmms  m  ait.  evlui  It  results 
in  a  logins* nptt  pltosplitui)  at  id  aerosol. 

R 

Radian.  Angle  subtended  bv  an  att  ttf  a  tittle  equal 
in  length  to  the  radius  of  tire  t  irt  le.  One  tadum 
equals  (!H0  a)  deg. 

Radiance.  The  total  radiant  flu*,  (ter  unit  solid  angle 
prr  unit  props  ted  area  which  emanates  from  a  surfatr. 

Rayleigh  arauering.  Vanning  in  whitlt  the  particle 
stir  is  small  tomparrd  to  the  wavelength  of  the 
scattered  radiation;  Rayleigh  Manning  rfftttenty 
has  a  ( I  K)*  dependence 

Relative  humidity.  I  he  taiio  ttf  the  actual  water  vapor 
juessurr  of  the  art  to  tltr  water  vapor  pressure  that 
would  be  obtained  if  the  air  were  saturated  with 
water  vapor . 


Scattering  efficiency.  Thr  ratio  of  the  effective  scatter¬ 
ing  cross  section  of  a  particle  to  its  geometric  cross 
section. 

Sky-to-ground  ratio.  The  ratio  of  the  radiance  of  the 
horizon  sky  to  the  inherent  radiance  of  the  back¬ 
ground.  Sky-to-ground  ratio  will  depend  on  view¬ 
ing  angle,  sun  or  moon  angle,  and  environmental 
and  atmospheric  conditions. 

Spatial  frequency.  The  frequency  (in  cycles  mrad  or 
cycles  mot)  id  an  evenly  spaced  bar  pattern  or 
sinusoidal  target  (saltern.  One  cycle  is  equivalent 
to  two  IT  lines  or  one  line  pair. 

T 

Turbulence,  mechanical,  laical  satiations  in  sviird 
sjsertl  and  ditretion  tausetl  by  satiations  in  anno- 
s$sber»c  temperature. 

Turbulence,  optical.  Time-varying  local  fluctuations 
in  the  imles  of  teftac  (ton  of  the  atmosjrhetr « ausrd 
by  l**t  alirrd  dilletemes  in  air  temjteratutr. 

V 

Visibility,  lire  distant e  at  which  a  human  observer 
tan  just  detect  a  high  ccmirast  (<.‘»  *  1}  target. 
Atmosp'ietH  tramminancr  is  proportional  to  tire 
logatirbin  of  the  visibditv. 

Volume  estimtkm  coefficient.  A  measure  of  rhe  dice  - 
(iuiirss  of  an  osbeutant  Volume  ektimtion  i  ndlr- 
t  tent  yfk)  is  ddined  as 

yiK)  =  —  *&&&.  km  1 
rt  ftA.r) 


c  s 
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where 

li  =  path  length,  kin 
d/.(A,  r)  =  change  in  spec  tral  radiance. 

\V  (lll'St ) 

/.(A.  r)  =  spectral  radiance.  W  (m'sr) 

A  =  wavelength.  pm. 

w 

Wire-euided  missile.  Missile  that  receives  guidancc 
sig.ials  through  a  wire  connec  ted  from  missile  to 
launcher. 


Y 

Yield  factor.  Ratio  of  mass  of  obscurant  aerosol  to 
mass  of  obscurant  fill  material.  Yield  factor  is  used 
to  account  for  the  growth  of  hygroscopic  aerosol 
particles  in  the  atmosphere  by  absorption  of 
atmospheric  water  vapor. 
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APPENDIX  A 

ATMOSPHERIC  TRANSMITTANCE  CALCULATION  SUMMARY 


The  equations  or  table  references  required  to  determine  transmittance  are  summarized  in  this  appendix. 
The  loc  ations  of  the  required  data  in  the  text  are  referenced  by  paragraph.  Tables  are  also  referenced  if  the 
data  are  tabulated. 


A-O  LIST  OF  SYMBOLS 

a. t>  =  rain  extinction  parameters, 
dimensionless 

Cl.  —  coneentration  path  length  prod¬ 
uct  of  obscurant,  g  m‘ 
e,d  =  snow  extint  tion  parameters, 
dimensionless 
H  =  path  length,  km 
r  =  rain  rate,  min.'ll 
r,  =  rain  equivalent  snow  rate,  nun  h 
T(K)  =  transmittance,  dimensionless 
TU(K)  =  aimospherit  transmittance  con¬ 
sidering  only  aerosol  extinction, 
dimensionless 

T,/(K)  —  transmittance  through  HE  dust  or 
vehicular  dust ,  dimensionless 
7',X A )  =  transmittance  through  lofted 
snow,  dimensionless 
7'„,(A)  =  atmospheric  transmittance  con¬ 
sidering  only  molecular  extinc¬ 
tion,  dimensionless 

Tp(k)  =  atmospheric  transmittance  con¬ 
sidering  only  precipitation, 
dimensionless 

7\(A)  =  transmittance  through  smoke, 
dimensionless 
['  =  visibility,  km 

a(  A)  =  obscurant  mass  extinction  coeffi- 
cient,  tn'/g 

a, /(A)  =  dust  mass  extinc  tion  coefficient 
for  any  wavelength  A,  tnVg 
«<( A)  =  smoke  mass  extinction  coefficient 
for  any  wavelength  A,  mVg 
7«(A)  =  aerosol  volume  extinction  coeffi- 
cient  for  any  wavelength  A,  km'1 
7m(A)  =  molecular  volume  extinction  coef¬ 
ficient  for  any  wavelength  A,  km"1 
7 p(k)  —  precipitation  volume  extinction 
coefficient  fen  any  wavelength  A, 
km'1 


7P,(vis,  near  IR)  =  precipitation  volume  extinction 
coefficient  for  visible  and  near  IR, 
km"1 

7pv(mnnv)  =  precipitation  volume  extinction 
coefficient  for  mtnw,  km"1 

A-l  TRANSMITTANCE  CALCULATION 
SUMMARY 

The  transmittance  7'( A )  is  the  product  of  the  atmo¬ 
spheric  molecular  transmittance  term  7'„,(A),  the  atmo¬ 
spheric  aerosol  extinction  term  7'„( A )  or  precipitation 
term  Tp( A),  and  the  dust  transmittance  T, /(A)  or  smoke 
transmittance  T*(A).  In  the  absence  of  precipitation 

T(k)  =  Tm{h)Ta(\)T!l(\)T,i(k),  dimensionless. 

(A-l) 

If  it  is  raining  or  snowing, 

T(k)  =  Tm(X)Tp(A)T,(A)T(/(A),climcnsionless. 

(A-2) 

K  ther  e  is  no  smoke, 

Ts(k)  =  1,  dimensionless. 

If  there  is  no  dust, 

Ti(k)  =  1,  dimensionless. 

A-l. I  MOLECULAR  TRANSMITTANCE 

Tm(k) 

For  visible,  near  IR.  laser,  ami  uumv  wavelengths, 

s 

Tm(k)  =  c~y,n(Ki,<,  dimensionless 

(A-3) 

where 

li  =  pathlength,  km 

7 m(k)  =  molecular  volume  extinction  coefficient  for 
any  wavelength  A,  km'1. 


A-l 
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References  for  molecular  volume  extinction  ((effi¬ 
cient  7m(X)  are 

Visible  (0.4-0.7pm)  par.  3-2. 1 . 1 
Near  1R  (0.7-1. Ipm)  par.  3-2.1.2 
Nd:YAG  laser  (1.06pm)  par.  3-2. 1.2 
CO:  laser  (10.591pm)  par.  3-2. 1.4,  Table  3-3 
mmw  (35  GHz,  94  GHz)  par.  3-2.1. 4,  Table  3-3. 

For  broadband  thermal  calculations.  T„(k)  is  tabulated. 
References  for  thermal  transmittance  Tm(A)  are 
Mid  IR  (3-5pm)  par.  3-2. 1.3,  Table  3-1 

Far  IR  (8- 1 2pm)  par.  3-2. 1 .3,  Table  3-2. 

A- 1.2  AEROSOL  TRANSMITTANCE  T„(A) 
The  aerosol  transmittance  term  T„(k)  through  haze, 
fog,  or  clouds  is 

Ta{ A)  =  v'ya^K)li,  dimensionless  (A-4) 

where 

y«(k)  =  aerosol  extinction  coefficient  for  any 
wavelength  k,  km"1. 

References  for  aerosol  volume  extinction  coefficient 
7„(X)  arc 


Visible  (0.4-0. Turn) 

l>ar 

3-2.2. 1 

Near  IR  (0.7-1. 1pm) 

par 

3-2. 2.2 

Mid  IR  (3-5pm) 

par 

3-2. 2.3 

Far  IR  (8- 12pm) 

par 

3-2. 2. 3 

Nd:YAG  laser  (1.06pm) 

par 

3-2.2.2 

GOa  laser  (10.59pm) 

par 

3-2.2. 3 

mmw  (35  GHz.  94  GHz) 

par 

3-2.2. 4 

A- 1.3  TRANSMITTANCE  THROUGH 
PRECIPITATION  TP(k) 

The  precipitation  transmittance  term  TP(k)  is 

Tp( A)  =  e -y^k)R,  dimensionless  (A-f>) 

where 

7 p{k)  —  precipitation  volume  extinction  coeffi-  _ 
cient  for  any  wavelength  A,  km’1. 

A- 1.3.1  Rain 

The  precipitation  volume  extinction  coefficient  yP(k) 
for  rain  depends  on  the  rain  rate  rand  the  dimensionless 
constants  a  and  b: 

7p(A)  =  nrh,  km’1  (A-6) 

where 

r  =  rain  rate,  mtn/h. 


References  for  values  of  a  and  b  are 


V'isible  (0.4-0.7pm) 

par. 

3-2.3 

Near  IR  (0.7- 1.1  pm) 

par. 

3-2.3 

Mid  IR  (3-0pm) 

par. 

3-2.3 

Far  IR  (8-l2pm) 

par. 

3.2.3 

NchYAG  laser  (1.06pm) 

par. 

3-2.3 

CO2  laser  (10.59pm) 

par. 

3-2.3 

mmw  (35  GHz,  94  GHz) 

par. 

3-2.3. 

A-l.3.2  Snow* 


A-l.3.2.1  Visible,  Near  IR,  Thermal,  and  Laser 
Wavelengths 

In  the  visible,  near  IR  and  thermal  bands,  and  for 
lasers,  the  precipitation  volume  extinction  coefficient 
for  snow  yps  (vis,  near  IR)  depends  on  visibility: 

7p,(\  is,  near  IR)  =  3.912  V  ,km  '  (A-7) 

where 

V  =  visibility,  km. 

A- 1. 3.2.2  Millimeter  Wavelengths 

Th  mmw  precipitation  volume  extinction  coefficient 
for  snow  7P,(mmw)  depends  on  rain  equivalent  snow- 
rate  r,  and  dimensionless  constants  <  and  <7: 

7Pj(mmw)  =  cr‘s  ,  km’1  (A-8) 

where 

r,  =  rain  ec|uivalent  snow  rate,  mm  h. 

Reference  lor  values  of  c  and  d  is 
mtnw(35  GHz,  94GHz)  par.  3-2.4. 

A- 1.4  DUST  TRANSMITTANCE  TERM  7  ,/(A) 

The  dust  transmittance  term  T,i(k)  is 

T,i{ A)  =  e'a,*X)C/-,  dimensionless  (A-9) 

where 

a,/(A)  =  dust  mass  extinction  coefficient  for  any 
wavelength  A.  m'/g 

CL  =  concentration  path  length  produc  t  of 
obscurant,  g/m\ 

References  for  values  of  a, /(A)  are 
Naturally  occuring  dust 

(all  wavelengths)  par.  3-2.5 

Vehicular  dust  (all  wavelengths)  pat  .  4-5 

Helicopter-lofted  dust  (all  wavelengths)  par.  4-5.2 
Munition-generated  dust 

(all  wavelengths)  par.  4-3.1. 


A-2 


Helicopter-lofted  snow  is  treated  in  pars.  l-">  and  •1-5.2. 
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References  fot  representative  values  <>l  <7.  an-  References  lor  values  of  or, (A)  are 

Naturally  (Mini lint;  dust  |tat.  .‘1-2. ’>  Fot,  oil  smoke  (all  wavelengths!  oai.  1-2 

Vehicular  (lust  |tars.  1-5.1.  1-7. .1.  IK!  smoke  (ail  wavelengths)  par.  1-2,  1-2.2 

Helicopter-lofted  dust  jrat.  1-5.2  Phosphorus  smoke  (all  wavelengths)  pai.  1-2.  1-2.1 

Munition-generated  dust  |wt.  1-7.1.  Fire  ptodiuts  (all  wavelengths)  |xtr.  1  -ti.  1 . 


A- 1.5  SMOKE  TRANSMITTANCE  TERM  7\{A)  References  for  values  of  Cl.  are 


The  smoke  transmittance  tenn  7\(A>  is  smo^*'  I*11-  ^  * 

IK!  smoke  par.  1-7.2 

7',(A)  =  e‘0(A>< 7  .  dimensionless  (A  10)  Phosphorus  smoke  l>ar.  1-7.2 

Eire  products  |>ai .  -1-6. 1 


where 

a, (A)  =  smoke  tnassesiiiw  limit  oeflu  ientlotauy 
wavelength  A.  in’  g. 
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APPENDIX  B 

RELATIONSHIP  OF  RELATIVE  HUMIDITY, 
ABSOLUTE  HUMIDITY,  AND  DEW  POINT 


The  water  vapor  content  of  the  atmosphere  may  be  given  as  relative  humidity  RI I  at  temperature  T, 
absolute  humidity  p,  or  dew  point  Tj.  The  equations  in  Chapter  1  of  this  handbook  require  either  absolute 
humidity  or  relative  humidity.  The  equations  given  in  this  appendix  are  empirical  .elationships  for 
converting  between  absolute  humidity  and  relative  humidity  or  for  determining  either  absolute  humidity 
or  relative  humidity  from  dew  point  temperature. 


B-O  LIST  OF  SYMBOLS 

RH  =  relative  humidity  (decimal),  dimension¬ 
less 

T  =  temperature,  k 
7"/  =  dew  point  temperature,  k 
p  —  absolute  humidity,  j;  m 1 


2.  Absolute  humidity  p  from  dew  point  tempera¬ 
ture  Tj  is 


B-l  EQUATIONS 

1.  Absolute  humidity  p  from  ambient  temperature 
T and  relative  humidity  RH  is 

.! 

•  54  1:1  • 
(B-l) 


where 

T  —  temperature,  k 

RH  -  relative  iuimitlily  (dec  imal),  dimensionless. 


Relative  humidity  (dec  imal)  Rll  at  temperature 
7‘lrom  absolute  humidity  is 


dimensionless.  (B-3) 


I.  Relative  humidity  Rll  (dec  imal)  at  temperature 
/'from  dew  point  ieui|>craiure  7',/and  ambie  nt  temper¬ 
ature  /'  is 


lill  —  exp 


dimensionless. 


B-l 
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